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ABSTRACT

TOWARDS DEVELOPMENT OF OPTIMAL TRAP DEPLOYMENT
STRATEGIES FOR APPLE MAGGOT FLY (DIPTERA: TEPHRITIDAE)
BEHAVIORAL CONTROL

SEPTEMBER 2001
JUAN ANTONIO RULL GABAYET, B.S., INSTITUTO TECNOLOGICO Y DE
ESTUDIOS SUPERIORES DE MONTERREY.
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ronald J. Prokopy

Factors that interfere with attraction of apple maggot flies to traps were studied to
provide a baseline for optimal trap deployment in apple orchards.
I found a four-fold increase in captures of mature flies when butyl hexanoate was
added to unbaited red spheres. The addition of ammonium carbonate or food presence did
not affect mature fly response to traps. Wild flies immigrating into commercial orchards
were primarily mature and not hungry for protein.
Flies released outside blocks of apple trees of different sizes were intercepted in
larger proportions by traps on small and medium sized trees than on similar traps on large
trees. Overall trap performance was not strongly affected by orchard structure.
Released flies were recovered in larger proportions by traps on McIntosh trees
than by traps on Red Delicious trees bearing larger darker fruit. Visual competition
became stronger as Red Delicious apples grew in size and turned in color. Decreased trap
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apparency on Red Delicious trees was compensated for by increased residence time of
wild flies.
Wild flies were captured in larger numbers by red spheres and Ladd traps than by
yellow panels. Red spheres lost capturing power towards harvest when competing
visually with red fruit. Ladd traps were not equally affected, but were more sensitive to
trap positioning than red spheres. Red sphere effectiveness was restored after harvest.
Optimal trap positioning may need to be revised.
Wild fly accumulation on traps on tees of different apple cultivars during the
growing season revealed that fly distribution in orchards is not exclusively governed by
fruit ripening but rather by apple maggot preferences for some cultivars. Although
ripening stage affected the onset of increases in fly accumulation on traps, some cultivars
never accumulated many flies during the growing season.
Apple maggot preferred to oviposit in sweet moderately firm fruit, but avoided
ovipositing in excessively hard or soft fruit of different apple cultivars. Females also
avoided fruit of late cultivars even when sugar content and firmness were high and
moderately high. Ovipositional cultivar preferences did not necessarily translate into
greater fly accumulation on traps in our orchard study.
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CHAPTER 1

INTRODUCTION

The apple maggot fly, Rhagoletis pomonella (Walsh), is a frugivourous tephritid
fruit fly. Native to North America, apple maggot expanded its host range from hawthorn
(Crataegeus spp), its original native host, to apples (Malus domestica (Borkh) about 150

years ago (Walsh 1867). Since then, apple maggot has become a key pest of apples in
eastern North America.
Apple maggot flies overwinter as pupae beneath the soil under apple trees. The
apple host race breaks pupal diapause slightly earlier than the hawthorn host race (Feder
et al. 1997). Adult emergence begins in June and extends over a three-month period. It
can be affected by environmental conditions, especially soil moisture and temperature
(Dean and Chapman 1973). Adult apple maggots are anautogenous and require, as many
tephritids do, sources of protein in order to initiate vitellogenesis and reach sexual
maturity (Yuval and Hendrichs 2000). Adult apple maggots also feed periodically on
sources of carbohydrates to sustain metabolic functions. Natural sources of food include
homopteran honeydew, bird feces and leaf exudates (leachates) (Hendrichs and Prokopy
1994). After reaching sexual maturity, adults respond to host volatiles carried in the wind.
Foraging flies orient to the source of odor, take flight, and approach fruiting trees in a
series of short upwind flights (Aluja and Prokopy 1993). Once on the tree, adults find
individual host fruit on the basis of vision (Aluja and Prokopy 1993). Mating occurs
primarily on the host fruit (Prokopy et al. 1971), where males await for foraging females
and aggressively displace intruding males (Biggs 1972). Females arriving on host fruit
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are approached from the rear and often are forcebly mated (Smith and Prokopy 1982).
Mature females thoroughly examine host fruit after landing and may probe it repeatedly
with their ovipositor to assess its suitability for oviposition (Fletcher and Prokopy 1991).
Females then deposit a single egg beneath the skin of acceptable fruit. After oviposition,
females generally mark infested fruit by dragging their ovipositor around the egg
puncture and depositing a host marking pheromone that deters other females from
ovipositing (Prokopy 1972). Eggs hatch soon after oviposition. Larvae feed on fruit,
producing galleries in its flesh until completion of larval development. At the end of the
larval stage, larvae exit fruit, generally detached from trees, to pupate in soil. In most
cases, pupae enter diapause, and adults emerge the following summer.
Visual responses of foraging tephritids to mimics of foliage and fruit have been
studied in great detail in order to develop monitoring devices as management tools
(Prokopy 1968, Prokopy and Hauschild 1979, Epsky and Heath 1998). Apple maggot
flies, like other herbivorous insects, are particularly sensitive to objects reflecting
maximal energy between 500 and 600 nm, as indicated by their strong attraction to
yellow surfaces (Prokopy and Owens 1983). Also, adults of several species in the genus
Rhagoletis , including apple maggot, use the spherical shape of host fruit as a dominant

visual cue in host finding (Prokopy and Papaj 2000). Mature females searching for fruit
rely on intensity contrasts associated with round shape to detect fruit, and are more
responsive to dark than to light colored spherical objects against a light background
(Owens and Prokopy 1984). Several visual trap designs have resulted from these and
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other studies. Red spheres, yellow panels and a combination of both have emerged as the
dominant monitoring devices in commercial apple orchards (Kring 1970, Drummond et
al. 1984, AliNiazee 1987, Warner and Watson 1991).
Extensive efforts have been made to enhance visual trap performance by
incorporating odor lures intended to attract flies from a distance. Sources of ammonia
were explored first, generally in association with yellow traps. The addition of such
compounds to traps has often lead to an increase in captures of immature flies when
compared to unbaited traps (Prokopy 1968, 1975, Moore 1969, Reissig 1974). Host odor
extracts have also been found to enhance trap captures of fruit-foraging apple maggot
flies (Reissig et al. 1985, Agnello et al. 1990, Warner and Watson 1991, Duan and
Prokopy 1992, Reynolds and Prokopy 1997). The latter appear to be more effective when
combined with red spheres, and may be attractive primarily to mature flies.
Initially, apple maggot fly monitoring devices were employed to determine first
appearance and initiation of spray schedules in commercial orchards (Neilson et al.
1976). Later, based of studies correlating trap captures to fruit damage, action thresholds
were established (Prokopy et al. 1980). Recently, odor-baited traps have been
experimentally deployed in apple orchards in order not only to monitor but also to
provide control of apple maggot flies (Prokopy 1985, Prokopy et al. 1990). Behavioral
control has become an important component of advanced level apple IPM in
Massachusetts. The current strategy employs 8.5 cm red sphere traps coated with an
adhesive and baited with ammonium carbonate (food extract) and butyl hexanoate (fruit
extract). Traps are positioned 5 m apart on perimeter trees of square apple tree blocks.
Conceptually, immature apple maggot flies emerging within orchards are attracted to
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trees bearing visual traps by ammonium carbonate lures, whereas mature flies
immigrating into orchards are attracted to such trees by butyl hexanoate lures (Prokopy
and Mason 1995, Reynolds et al. 1998). Behavioral control provides protection from
apple maggot fly damage to fruit almost comparable to that offered by pesticide
applications normally employed by conventional commercial growers (Prokopy et al.
1994). Because sticky spheres require periodic maintenance, behavioral control is labor
intensive and thus costly. In order to facilitate large-scale adoption of behavioral control
as the main tool among New England apple growers for apple maggot fly control, it is
necessary to find ways of achieving a significant reduction in its cost.
There are two avenues for achieving a reduction in cost of behavioral control. The
first consists in developing a visual trap that will not require maintenance over the course
of the apple-growing season. Extensive efforts have been and are being devoted to this
end (Duan and Prokopy 1993, Duan and Prokopy 1995, Liburd et aL. 1999, Hu et al.
2000, Prokopy et al. 2000). The second method consists in optimizing trap deployment
strategies in order to reduce the number of traps required per unit of surface to achieve
acceptable levels of apple maggot fly control. The latter offers the added advantage of
potentially incorporating any acceptable substitute for sticky spheres that may be
developed in the near future.
To optimize trap deployment strategies for apple maggot fly behavioral control, it
is necessary to identify and understand factors that interfere with captures of apple
maggot flies by traps deployed in a commercial orchard setting. The overall objective of
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the research reported in this dissertation was to identify and understand such factors, with
the aim of providing a baseline of information to set the grounds for development of
optimal trap deployment strategies for apple maggot fly behavioral control.
Chapter 2 addresses the effect of fly physiological state on response to visual
traps baited with a food based lure (ammonium carbonate) and a fruit based lure (butyl
hexanoate) in the presence and absence of food. The general objective, in view of earlier
conflicting results (Duan and Prokopy 1992, Reynolds and Prokopy 1997), was to
determine whether or not the addition of food-based lures (targeting immature flies) to
visual traps in a commercial orchard setting improved trap performance.
Because I found that populations of wild apple maggot flies immigrating into
commercial orchards were composed primarily of mature and not protein-hungry
individuals, I concentrated the remainder of my effort on identifying and studying aspects
thought to affect mature fly response to traps. Chapter 3 examines the effect of orchard
structure (tree size and planting density) on response of foraging mature flies to odorbaited red spheres. The objective of this study was to evaluate whether the tendency
among New England apple growers to replace large trees planted at low density with
small trees planted at high density would have an impact on trap performance in plots
using apple maggot fly behavioral control. Chapter 4 focuses on the effect of visual
competition between red sphere-traps and fruit of different cultivars of apples in
attracting mature flies. Here, the main objective was to quantify the extent of decrease of
fly capturing power of red spheres observed in the orchard structure experiments towards
the end of the growing season. Chapter 5 further expands this aspect by examining the
effect of visual trap type and trap positioning on apple maggot fly captures at different
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stages of fruit phenological development. Chapter 6 examines the effect of apple cultivar
on apple maggot fly distribution in orchards, Chapter 7 expands this aspect by looking at
female ovipositional preferences among fruit of different cultivars of apple.
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CHAPTER 2

ATTRACTION OF APPLE MAGGOT FLIES, RHAGOLET1S POMONELLA
(DIPTERA: TEPHRITIDAE) OF DIFFERENT PHYSIOLOGICAL STATES TO
ODOR-BAITED TRAPS IN THE PRESENCE AND ABSENCE OF FOOD

Abstract

Adults of apple maggot fly Rhagoletis pomonella (Walsh) of differing
physiological states were marked and released in blocks of apple trees ringed by sticky
red spheres. Spheres were either unbaited, baited with butyl hexanoate (synthetic host
fruit odor) or baited with both butyl hexanoate and ammonium carbonate (synthetic food
odor). All trap and lure treatments were compared in the presence or absence of food
(bird feces) in the blocks. Simultaneously, response of wild immigrant flies to treatments
was measured and wild females were dissected to determine state of ovary development.
Large proportions (25 - 40%) of released mature male and female apple maggot flies
were recovered in blocks having traps baited with butyl hexanoate. Ammonium carbonate
did not enhance trap captures and presence of food had little effect on response to
synthetic odors by mature flies. Immature flies of each sex responded weakly to traps and
to both types of synthetic lures and may have been arrested in blocks having food. Wild
flies of both sexes exhibited a response pattern very similar to mature released flies,
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regardless of eggload (in the case of wild females). Results indicate that wild apple
maggot flies immigrating into apple orchards are primarily mature, and not hungry for
protein. Behavioral control strategies are discussed in that context.

Introduction

The physiological state of an insect can influence its readiness to acquire three
major resources required for reproductive success: food, mates and oviposition sites.
Readiness to engage in resource-acquisition behavior can determine an insect’s
behavioral priorities at any given time (Barton Browne 1993). Degree of hunger and size
of egg load are two physiological states known to influence an individual’s propensity to
seek or accept resources of varying nutritional or ovipositional quality (Mangel and
Roitberg 1989, Mikenberg et al. 1992, Singer et al. 1992, Prokopy et al. 1995, Perry and
Pianka 1997, Isaacs and Byrne 1998, Persons 1999). Whereas egg load can be measured
directly without much difficulty for individuals taken from feral populations, estimating
traits such as degree of hunger or age usually requires more elaborate procedures (
Lehane and Mail 1985, Langley et al. 1988, Green 1990). To study the effect of these
traits on the foraging behavior of insects, one is usually obliged to use manipulated
individuals whose behavior could differ from that of insects found in nature (Roeder
1967, Finch 1986, Opp and Prokopy 1986). A possible experimental approach to cope
with this dilemma consists in observing the response of wild individuals to a given array
of stimuli and, at the same time, releasing marked individuals of known physiological
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state. If marked individuals encompass the range of physiological states of interest (e.g.
immature to mature), response patterns of wild individuals can be compared with
response patterns of marked individuals. This comparison is a useful complement to
measurable physiological traits. In this manner, a better understanding of factors
influencing the foraging behavior of insects in nature can be reached.
Behavioral manipulation is defined as the use of stimuli that either stimulate or
inhibit a behavior and thereby change its expression (Foster and Harris 1997).
Manipulation of resource-oriented behavior of the apple maggot fly Rhagoletis
pomonella (Walsh)(Diptera: Tephritidae), is an important component of second-level
integrated pest management practices in apple orchards in Massachusetts (Prokopy et al.
1996). R. pomonella behavioral control using odor-baited sphere traps, as described by
Prokopy and Mason (1996), usually prevents damage to apples exceeding one percent.
This control tactic rests on the premise that as anautogenous insects, immature R.
pomonella in nature will forage for food sources such as honeydew and bird feces and,
after reaching sexual maturity, will engage in mate and host finding behavior (Hendrichs
and Prokopy 1994). In so doing, R. pomonella would be captured by odor-baited sphere
traps.
Host finding in R. pomonella occurs through response to a combination of
olfactory and visual stimuli. Flies locate distant sources of host odor perceived in the
wind, orient to those sources and approach them in a series of short flights; at close range,
contact with host fruit on the tree is achieved on the basis of vision (Aluja and Prokopy
1992, Aluja and Prokopy 1993). Synthetic odor lures combined with visually attractive
red spheres capture large numbers of flies immigrating from neighboring woods and wild
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hosts when positioned at the periphery of an apple orchard. Butyl hexanoate, an attractive
host fruit volatile (Fein et al. 1982, Carle et all987, Averill et al. 1988), is currently used
as the lure of choice to attract mature R. pomonella seeking mating and oviposition sites.
The addition of butyl hexanoate to red spheres and other trap types leads to a substantial
increase in captures of R. pomonella in comparison to unbaited traps (Reissig et al. 1985,
Agnello et al. 1990, Warner and Watson 1991, Duan and Prokopy 1992, Reynolds and
Prokopy 1997).
To attract immature R. pomonella foraging for protein, compounds emitting
ammonia, including ammonium carbonate, are used as a food-mimicking odor lure. The
addition of this type of lure to visual traps has given variable results (Reissigl974, 1975,
AliNiazee et al. 1987, Warner and Watson 1991). In Massachusetts, Duan and Prokopy
(1992) observed an increase in R. pomonella captures when ammonium carbonate was
added to butyl hexanoate, but their study was limited to a single orchard. Reynolds and
Prokopy (1997) obtained increases in captures of marked flies of different physiological
states in artificial tree patches when adding ammonium carbonate to butyl hexanoate over
red spheres baited with butyl hexanoate alone. However, red spheres with the lure
combination failed to attract more wild flies than red spheres with butyl hexanoate alone
when displayed in commercial orchards. The lack of attractiveness of ammonium
carbonate in commercial orchards was attributed to three possible causes: short duration
of odor dispensed in the field; distance of the odor source from point of origin of
immature flies; and competition from naturally occurring food in the orchard. Regarding
the latter, Prokopy et al. (1993) found that attraction of proteinacious baits as feeding
stimulants for R. pomonella was seriously undermined when natural protein sources, such
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as bird feces, were in competition with protein baits. Natural sources of odors have been
shown to out-compete artificial baits in attractiveness to other tephritids. Thus, Prokopy
et al. (1992) found that animal droppings from different sources were more attractive to
adults ofCeratitis capitata (Wiedemann)(Diptera: Tephritidae) flies than some artificial
proteinacious attractants. This preferential response pattern has been observed also in
other anautogenous flies. For example, Groenendijk and Takken (1995) captured more
tsetse flies, Glossina pallidipes (Austen)(Diptera: Glossinidae), when deploying ox
odour than they did with most of their artificial baits.
Here, to asses causes of variability in trap and lure effectiveness and to determine
whether odor from natural sources of food interferes with attractiveness of synthetic
lures, marked female and male R. pomonella of different known ages and nutritional
states were released in blocks of apple trees in commercial orchards. We manipulated the
amount of food in the blocks, employed different trap and lure combinations, and
monitored trap captures at periodic intervals to asses effects of these factors on fly
response patterns. At the same time, wild R. pomonella responding to treatments were
monitored, egg loads of wild females were measured, and response patterns to treatments
by wild and marked R. pomonella were compared.
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Materials and methods

Flies

R. pomonella pupae were obtained from infested apples in nature using the

method described by Roitberg et al. (1982) and stored in a cold room at 3° C during
winter. In spring, pupae were taken out of the cold and placed in a controlled temperature
room at 25 °C for approximately 30 days. At emergence, flies were placed either in
30x30x30 cm Plexiglas cages with water and sugar, or in identical cages with water,
sugar and protein (enzymatic yeast hydrolystate). Flies of each feeding regime were
marked with a distinctive colour on the dorsum of the thorax with a small dot of paint
(Testors ®, The Testor Corporation) and placed in groups of 50 in 15x15x15 cm
Plexiglas cages containing the same food type as in their cage of origin. We observed no
important difference in mortality between marked and unmarked flies. Protein-fed flies
remained in their cages for 14 to 21 days before release. Protein-starved flies were kept in
cages for 3 to 7 days before release.

Food manipulation in orchards

In 1996, six blocks of 49 apple trees each (seven trees per row x seven rows of
uniform size trees) were selected in each of four unsprayed apple orchards in
Massachusetts, Three of the six blocks at each site were treated with imidacloprid to
control aphid and leafhopper populations and prevent honeydew buildup. There is no

adverse effect of imidacloprid on R. pomonella exposed to treated apple foliage 24 h
after application (Hu and Prokopy 1998). However, as a precaution, fly releases were
made at least seven days after application. The remaining three blocks at each site were
left untreated for aphids and leafhoppers, with every tree copiously splashed with a
mixture of fresh chicken droppings and water (in slurry form) just before fly release.
Chicken droppings applied in this manner have been found to be as attractive to R.
pomonella as field collected droppings from bam swallows and unidentified birds

(Prokopy et al. 1993). Thus, for every set of six blocks per orchard, three were essentially
devoid of known natural food sources (termed clean) and three had substantial amounts
of food (termed food). Three different trap and lure regimes were tested under each of
these two food regimes.
It turned out that aphid and leafhopper populations were exceptionally low in
apple orchards in Massachusetts in 1996. We examined 100 terminals of foliage per
block at two intervals during the season for aphids, and sampled leafhopper adults on
sticky traps. Aphids were virtually non existent in both the imidacloprid treated and
untreated blocks. Leafhopper counts were also extremely low. As a consequence,
amounts of homopteran honeydew could not be evaluated and bird droppings were the
only food source effectively manipulated.
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Trap and lure regimes

An 8 cm red sphere coated with Tangletrap was positioned in every perimeter tree
in every block (24 traps per block). In one block of each food regime, all spheres
remained unlured. In a second block, one vial containing butyl hexanoate was placed 15
cm away from a sphere on two adjoining sides of the block (fig.l). The other two sides
remained unlured. In a third block, one vial of ammonium carbonate was placed in
addition to one vial of butyl hexanoate on two adjoining sides of the block. A detailed
description of the lures utilized in this experiment, including volatile release rates, can be
found in Reynolds and Prokopy (1997). Vials of ammonium carbonate were placed next
to traps on the day of fly release. Ammonium carbonate was dispensed during the full 8day periods of evaluation.

Releases of flies

Flies were released between 06:00 and 09:00 h. Cages were taken to the central
tree of each block. Flies were removed individually from cages with a probe and gently
placed on a leaf. Released flies were counted and their sex recorded. In every block,
approximately 50 protein-fed, 14 to 21 day-old flies and 50 protein-starved 2 to 7 day-old
flies were released on every occasion. Captured flies were removed from traps one, four
and eight days after release. Special care was taken to record the color-mark and sex of
flies before removing them from traps. Flies were taken to the laboratory, where females
were dissected and their mature eggs counted. Feral flies captured by the traps were also
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removed, counted and dissected. Females with no mature eggs were considered to be
immature. Flies were released twice in each set of blocks in each orchard, yielding a total
of eight replicates per treatment. Only seven replicates were considered for analysis
because our last release in one orchard had insufficient numbers of immature flies.
Releases were made from early July to mid August. A total of 1127 mature females, 804
mature males, 1194 immature females and 785 immature males was released.

Statistical analysis

Because releases of marked flies were made in different places and on different
dates, we analyzed variation among replicates for all comparisons involving released flies
using a two-way ANOVA. For wild flies, we compared replicates by analyzing variation
among numberss of flies responding to treatments again using a two-way ANOVA. In no
case did we find significant differences among replicates.
Percentages of captured flies were calculated and used in comparing block
treatments, fly physiological states, fly sexes and trap capture dates. Block treatments
were compared by means of a one-way ANOVA followed by an LSD pairwise
comparison of treatment means. An arcsine square root transformation was used for
proportions to stabilize variance. Untransformed data are shown to facilitate
interpretation.
Mean numbers of marked flies captured one, two, four and eight days after release
in blocks in which they were not released were compared using ANOVA on direct counts
followed by LSD. A Log (X+l) transformation was used to stabilize variance. Mean
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numbers of wild flies captured were compared using a one-way ANOVA, and LSD was
then performed. A Log (X+l) transformation was used to stabilize variance.

Results

Marked protein-fed mature females

Only traps baited with butyl hexanoate alone in clean blocks captured
significantly greater proportions of marked mature female R. pomonella than unbaited
traps in clean or food blocks (fig. 2.a). The addition of ammonium carbonate vials had no
detectable effect on trap captures. For all trap and lure treatments combined, there was no
significant difference between food and clean blocks. This shows that presence of food
did not affect response of mature females to synthetic odors. When mature females
responded to synthetic odors and visually attractive traps, the majority did so readily. One
day after release, mature females were captured in significantly larger proportions than at
two, four and eight days after release (fig. 3.a).
Captured mature females tended to leave blocks with unbaited traps in
numerically larger proportions than blocks with baited traps (fig. 4.a). They were perhaps
dispersing from patches where host odor was absent in search of sources of attractive
odor elsewhere, but the difference was not significant. Mature females were captured
outside of their release block in significantly greater proportions one day after release
than at two, four and eight days after release (fig. 5.a).
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Marked protein-starved immature females

Traps baited with both butyl hexanoate and ammonium carbonate in food blocks
captured significantly greater proportions of immature female R. pomonella than unbaited
traps and numerically greater proportions than traps baited with butyl hexanoate alone in
clean blocks (fig.2.b). Overall percentages of capture of marked immature females per
block were significantly lower than those of marked mature females: 11.12% for
immature females vs. 19.7% for mature females. This difference was due not only to a
lower response to odor; visual response to sticky red spheres in blocks with unbaited
traps was also significantly lower for immature females (7% capture) than for mature
females (15% capture).
In contrast to the more immediate response to treatments by mature females,
immature females were captured in significantly greater proportions four days after
release in comparison to one, two and eight days after release (fig.3.b). Also, for all
treatments, captured immature females left clean blocks in numerically larger proportions
than food blocks, a significant difference at the 0.07 level (fig.4.b). Further, immature
females leaving the block of original release were captured in significantly larger
proportions eight days after release than at one, two and four days after release (fig. 5.b).
Overall it appears that responses to treatments by immature females were delayed,
perhaps on account of their physiological state.

Marked protein-fed mature males

Traps baited with butyl hexanoate in clean and food blocks and traps baited with
both butyl hexanoate and ammonium carbonate in food blocks captured significantly
larger proportions of mature males than unbaited traps (fig. 2.c). In this case, results seem
to indicate that butyl hexanoate was the volatile responsible for added attraction to
unbaited traps. The addition of ammonium carbonate and food presence did not lead to an
increase in captures of mature males in comparison to traps baited with butyl hexanoate
alone. As with mature females, mature males were captured in significantly larger
proportions one day after release than at two, four and eight days after release (fig. 3.c).
Captured mature males left unbaited blocks in significantly greater proportions than food
blocks baited with butyl hexanoate (fig.4.c) and tended to disperse least when synthetic
host odor and natural food odor were simultaneously present in a patch. Mature males
leaving the block of original release were captured in other blocks one day after release in
significantly larger proportions than at two, four and eight days after release (fig. 5.c).

Marked protein-starved immature males

Percentages of captured immature males were low. There were no significant
differences in capture between baited and unbaited traps or any clear indication of a
response pattern (fig. 2d.). The effect of food presence was also insignificant. Immature
males were captured in significantly greater proportions one day after release than at two,
four and eight days after release (fig. 3.d). The only marked trend for captured immature
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males was a tendency to leave blocks were food and was present in smaller proportions
than clean blocks (fig. 4.d). This tendency was significant when synthetic odors were
present. Immature males that left blocks where they were released were captured in a
significantly larger proportion eight and four days after release than at one or two days
after release (fig.5.d). Again, this could be interpreted as a delay in response until a state
of physiological readiness, perhaps maturation.

Wild mature females

Except for traps baited with both butyl hexanoate and ammonium carbonate in
clean blocks, baited traps captured wild mature females in significantly larger numbers
than unbaited traps (fig.6a.). There was no significant difference in captures between
traps baited with butyl hexanoate alone and traps baited with both butyl hexanoate and
ammonium carbonate. Addition of ammonium carbonate had no effect whatsoever in
attracting wild mature females to red spheres. Nor did the presence of food have any
significant effect on captures of wild mature females by odor-baited or unbaited traps. In
sum, the addition of butyl hexanoate to red spheres resulted in a four to five-fold increase
in captures of wild mature females in comparison to unbaited traps, regardless of the
presence of synthetic food odor (ammonium carbonate) and/or natural food odor (from
bird droppings) in the block.
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Wild immature females

Although wild females with no mature eggs in their ovaries were captured in
numerically smaller numbers (mean number per block = 9.4) than mature wild females
(mean number per block =16.8), their response pattern to odor treatments was very
similar. Immature wild females were captured in significantly larger numbers in food
blocks by traps baited with butyl hexanoate alone and both butyl hexanoate and
ammonium carbonate and in clean blocks by traps baited with butyl hexanoate alone than
by unbaited traps in food and clean blocks (fig.6.b). As with mature wild females, food
presence and ammonium carbonate had no detectable effect on captures and the addition
of butyl hexanoate to traps led to a 4-5-fold increase in captures as compared to unbaited
traps.

Wild males

Wild males were captured in significantly larger numbers by traps baited with
butyl hexanoate and by traps baited with both types of odor lure, in both food and clean
blocks than by unbaited traps in either block type (fig.6.c). Results and response patterns
were very similar to those for wild mature and wild immature females.
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Discussion

Mature released R. pomonella responded strongly and rapidly to traps baited with
butyl hexanoate but not to ammonium carbonate. The response pattern for released
mature males and females was virtually identical and was not affected by food presence.
Response of immature released R. pomonella to odors likewise was very similar for
males and females and was significantly lower than that of protein-fed flies. Although the
delayed response of immature released R. pomonella to odors seems to indicate that they
moved between blocks before responding to host odors, the addition of ammonium
carbonate did not attract significantly more flies of this group to baited traps. In the case
of wild flies, response to odor by both males and females (regardless of egg load)
followed a pattern very similar to that by protein-fed mature released flies. Perhaps this
was so because wild flies emerge and obtain nutrients outside of commercial orchards
and once mature, they react to host odor and move into orchards

Protein-fed mature flies

The rapid and strong response of mature flies to attractive synthetic fruit odor
(butyl hexanoate) in their release block may be an indication of a physiological state of
readiness to oviposit in the case of females and to mate in the case of males. This view is
further supported by the low response to unbaited traps and lack of difference in captures
on unbaited traps in food versus clean blocks. That is, mature flies appeared to ignore
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food presence even in the absence of host odor. By contrast, when we released mature
females in blocks that included baited traps and food, they tended to leave food blocks in
numerically smaller proportions than clean blocks.
These results show that for protein-fed flies, the presence of food did not interfere
with attraction to synthetic fruit-based volatiles. Our findings are consistent with those of
Averill and Prokopy (1993), who found that protein-fed mature R. pomonella females
remained longer and laid more eggs in patches of potted trees that included both food and
host fruit than in patches that contained either of these resources alone. Such an additive
effect could be explained by the fact that many tephritids, including R. pomonella,
produce oocytes in successive stages of maturation (Hendrichs and Prokopy 1994) and
may need to replenish protein reserves after successful oviposition bouts. Protein intake
has to occur every three days to sustain maximum fecundity in R. pomonella (Hendrichs
et al.1990). It is important to note here that ammonium carbonate may have not been
perceived by mature R. pomonella as an attractive odor associated with presence of food,
even though studies on tephritids indicate that this is a very likely association (Bateman
and Morton 1981, Mazor et al. 1987, Baker et al. 1990, Robacker et al. 1997). Otherwise,
its addition to butyl hexanoate-baited traps should have resulted in a slight increase in
captures.
Overall, our release method allowed us to recover large proportions of mature
flies in blocks having attractive traps (25- 40%). Regarding the fate of flies that were not
recovered by traps, we can only speculate based on observation. No attempt was made to
estimate daily mortality, but it must have taken its toll during the eight-day periods of our
trials. Occasionally, we observed jumping spiders preying on marked flies shortly after
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release. According to Roitberg and Mangel (unpublished), a daily mortality of 5% was
observed for snowberry flies, Rhagoletis zephyria (Snow)(Diptera: Tephritidae), in a
caged tree, and the main source of mortality was attributed to jumping and web spiders. It
is also possible that some of the mature flies we released were unable to detect odor
plumes in our treatment blocks and dispersed out of the entire experimental area. In fact,
we captured one of our marked flies 800 m from its release point in a separate
experimental arena in a neighbouring orchard. Vale (1980) concluded that among tsetse
flies (Diptera: Glossinidae) detecting ox odor in a clearing, 80 to 100% find the odor
source, yet only 25 to 30% entering the clearing detect the odor. In sum, we were able to
"account" for a substantial proportion of the mature flies we released.

Protein-starved immature flies

Immature flies of each sex did not respond to synthetic lures at the moment of fly
release. Their response to visual traps alone also was significantly lower than that of
mature flies, about half the percentage. Only immature protein-starved females were
captured in larger proportions in blocks that included traps with both types of synthetic
lure and food. However, we cannot conclude that this was due to additional attractiveness
of ammonium carbonate. In fact, marked immature females were captured in larger
proportions four days after release than one and two days after release. Besides, the only
consistent pattern for captured immature flies of both sexes across all treatments was
their reduced tendency to leave blocks where food was present. If captured immature flies
dispersed less when released in patches where food was present, this must have resulted,
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at least temporarily, in higher proportions of immature flies captured in those blocks.
This was the case at least for females. An arrestant can be defined as a stimulus that
congregates insects as a result of undirected kinetic reactions, by slowing down
displacement (Kennedy 1978). All evidence combined suggests that immature females
remained longer, or were arrested, in blocks having food, fed for four days on the food,
reached sexual maturity, and responded to butyl hexanoate.
In contrast to mature flies, we were not able to "account" for large proportions of
protein-starved immature flies. The stronger propensity than normal to obtain protein
over other nutrients, as observed by Robaker (1991) for protein-starved females of
Anastrepha hidens (Loew)(Diptera: Tephritidae), did not correspond to attraction to

spheres baited with ammonium carbonate in the case of immature R. pomonella in our
study. As a result, in the absence of natural food, more immature R. pomonella appeared
to disperse from blocks having traps baited with both butyl hexanoate and ammonium
carbonate than were captured in the blocks. Chambers et al. (1995) showed that groups of
nymphs of Locusta migratoria L.(Orthoptera: Acrididae), offered different pairings of
artificial foods simultaneously, regulated both the quantity and balance of protein and
carbohydrate eaten, achieving close convergence of nutrient intake. Hendrichs et al.
(1993) found that bird droppings complemented with a source of carbohydrate (sucrose)
can sustain R. pomonella egg production to a degree comparable with that of aphid
honeydew. In R. pomonella, a balance of carbohydrate and protein intake could be
achieved by feeding on honeydew alone, a fact that would reduce foraging time and
justify preferential attraction of R. pomonella to that food source. In this context, we can
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speculate that we could have further reduced dispersion of protein-starved R. pomonella
from our release blocks if we had been able to enhance honeydew production in the
blocks, or had mixed bird droppings with sugar.
If protein alone is not perceived by R. pomonella as an "ideal" food source,
perhaps also the ammonia emitted by the ammonium carbonate vials used here was not
an ideal food-mimicking odor for immature flies. Attraction of fruit flies to
semiochemicals can be highly complex, involving interactions of chemicals with each
other and various effects of physiological states of flies on response to chemicals
(Robacker and Heath 1997). If tephritids selectively respond to complex mixtures of
odors (information), perhaps it is because those mixtures lead them to valuable sources of
adult food. In the context of diet choice, selection can act on evolutionary strategies that
balance the benefit of additional information against its cost, with the value of
information depending largely on the relative abundance and quality of resources (Kotler
and Mitchell 1995). If recognizing and responding to poor sources of protein is costly,
specialization leading to recognition of specific odors associated with high quality food
sources can evolve. Downes and Dahlem (1987) support the idea that dipterans evolved
by exploiting homopteran honeydew as a source of food. In addition to relevancy to
tephritids, this suggestion is supported by evidence for honeydew-feeding in
Chironomidae, Psychodidae, Tabanidae and Simulidae (Downes 1974, MacVicker et al.
1990, Schutz and Gaugler 1989, Burgin and Hunter 1997). As suggested by Hendrichs
and Prokopy (1994), food attractants that mimic the volatile emission profile of
honeydew could be suitable for luring immature R. pomonella into traps.

Wild females

Wild mature females were captured in larger numbers, four to five-fold greater,
by baited traps than by unbaited traps. Butyl hexanoate was the sole volatile responsible
for enhanced attraction; ammonium carbonate did not contribute to attraction. Food
presence did not affect attraction to butyl hexanoate. Although numbers of wild R.
pomonella lacking eggs (immature R. pomonella) captured by traps were numerically

fewer than numbers of wild females having one or more mature eggs, the response
pattern was very similar. Wild females both with and without eggs exhibited a response
pattern closer to that of released mature protein-fed R. pomonella than that of immature
protein-starved R.pomonella.
It is noteworthy that releasing marked flies of known physiological state and
examining response patterns of wild flies in comparison to such released flies is a
powerful tool to gain insight into the behavior of unmanipulated insects in their natural
environment. Despite this fact, few studies have employed this or similar comparative
methods to asses the physiological state of wild insects or to validate findings on the
physiological state of laboratory individuals (Reynolds et al. 1994,Thomas 1998). The
advantage of using this experimental approach over more elaborate laboratory methods
that estimate the physiological state of feral individuals lies in potential increase in
sample size and reduction in cost.
The observed pattern of response to treatments here is suggestive of sexual
maturity of responding flies, which may be expected for wild females with mature eggs
but not for those without them. This unexpected pattern could be explained by a
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physiological mechanism. Yin et al. (1994) discovered a midgut peptide hormone which
activates an endocrine cascade leading to oogenesis in Phormia regina
(Meigen)(Diptera: Calliphoridae).The hormone is produced four hours after a protein
meal and could also trigger mating receptivity. Evans et al. (1997) were able to trigger
receptivity in immature P. regina flies by injecting them with biogenic amines. This
evidence indirectly supports the hypothesis that wild AMF may acquire nutrients for
vitellogenesis outside of orchards and then enter orchards seeking oviposition and mating
sites in response to fruit volatiles, even in the absence of mature eggs in the ovaries.
Unfortunately, detailed studies on hormonal regulation of sexual receptivity in
Tephritidae are scarce (Stoffolano et al. 1993). It is known, however, that sexual
receptivity in some tephritids is independent of ovarian development. Flies in the genera
Ceratitis, Bactrocera and Anastrepha (Klassen et al. 1994) can become sexually

receptive despite the fact that their ovaries are atrophied by high doses of Gamma
irradiation used in sterile insect technique programs.

Wild males

We did not have a way of discriminating between wild mature and immature
males. Overall, responses of males were very similar in numbers and pattern to those of
wild females. The remarkable similarity in response to odor by male and female
R.pomonella , observed across the entire experiment, is probably rooted in certain aspects

of R.pomonella mating behavior. The site of encounter of male and female R.pomonella
at the onset of oviposition is exclusively on host fruit (Prokopy et al. 1971), with most
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matings on fruit initiated from a rear approach, suggesting that these are forced matings
with unreceptive females (Smith and Prokopy 1982). Furthermore, male R.pomonella
may not be able to discriminate well between members of its own species and members
of other species whose wing and body patterns are similar in appearance ( Prokopy and
Bush 1973). Consequently, mating success for mature male R.pomonella appears to
depend largely on male ability to find fruit that will be visited by egg-laying females. It is
not surprising, therefore, that male R.pomonella should respond to the same odor that
attracts mature females to suitable oviposition sites.
In conclusion, we found that R.pomonella responded strongly to butyl hexanoate,
and at best, very weakly to ammonium carbonate. Food in the form of bird feces in the
environment did not affect attraction of mature R.pomonella to baited traps but may have
produced a slight degree of arrestment of immature females that resulted in a slight
numerical increase in captures, perhaps due to increased time exposure to odor of fruitbased lures. The effect of homopteran honeydew on R.pomonella response to host odour
remains to be tested. Elucidating whether honeydew acts as an attractant or as an
arrestant could aid in settling the question of whether it is worth manipulating food
sources in a commercial orchard to enhance trap effectiveness. Wild R.pomonella in
managed orchards originate almost exclusively from external sources. Our results suggest
that such flies acquire protein outside of the orchard and subsequently engage in host
finding behavior. Together, this leads us to recommend trap deployment strategies
relying on fruit-odor based lures. We believe that ammonium carbonate should no longer
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be considered strongly as a potent attractant for use in commercial orchards and that
research efforts to optimize trap deployment strategies should focus on factors that affect
attraction to fruit-odor based lures.
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Figure 1: Position of traps and lures in treatment blocks. Dark circles represent sticky red
spheres baited with synthetic lures. Empty circles represent unbaited sticky red spheres.

• • • • ••

O

o
o
# = lured
o
o
o o o o o o

30

Figure 2: Percentages of released marked Rhagoletis pomonella (Walsh)(+ s.e): a)
protein-fed females, b) protein-starved females, c) protein-fed males and d) proteinstarved males captured during the experiment by different treatments. Dark bars represent
blocks where food was added; white bars represent clean blocks. In butyl hexanoate plus
ammonium carbonate (BH + AC) treatments, vials containing butyl hexanoate and
ammonium carbonate were placed 15cm away from traps. In butyl hexanoate (BH)
treatments, traps were baited with butyl hexanoate alone. Data were analyzed using a
one-way ANOVA followed by LSD comparison of mean proportions; an arcsine square
root transformation was used to stabilize variance. Data are shown untransformed.
Different letters represent statistical differences at the 0.05 level.
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Figure 3: Mean percentages of released marked Rhagoletis pomonella (Walsh)(+/- s.e): a)
protein-fed females, b) protein-starved females, c) protein-fed males and d) proteinstarved males captured per block at different trap inspection intervals (in days). Data
were analyzed using a one-way ANOVA followed by LSD comparison of mean
proportions. An arcsine square root transformation was used to stabilize variance. Data
are shown untransformed. Different letters represent statistical differences at the 0.05
level.
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Figure 4: Percentages of released marked Rhagoletis pomonella (Walsh)(+ s.e): a)
protein-fed females, b) protein-starved females, c) protein-fed males and d) proteinstarved males captured in a block different from the block of original release. Dark bars
represent blocks where food was added; white bars represent clean blocks. In butyl
hexanoate plus ammonium carbonate (BH + AC) treatments, vials containing butyl
hexanoate and ammonium carbonate were placed 15cm away from traps. In butyl
hexanoate (BH) treatments, traps were baited with butyl hexanoate alone. Data were
analyzed using a one-way ANOVA followed by LSD comparison of mean proportions;
an arcsine square root transformation was used to stabilize variance. Data are shown
untransformed. Different letters represent statistical differences at the 0.05 level.
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Figure 5: Mean percentages of released marked Rhagoletis pomonella (Walsh)(+/- s.e): a)
protein-fed females, b) protein-starved females, c) protein-fed males and d) proteinstarved males captured outside of their release block at different trap inspection intervals
(in days). Data were analyzed using a one-way ANOVA followed by LSD comparison of
mean proportions. An arcsine square root transformation was used to stabilize variance.
Data are shown untransformed. Different letters represent statistical differences at the
0.05 level.
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Figure 6: Mean numbers of wild Rhagoletis pomonella (Walsh)(+ s.e): a) females with
one or more viable eggs in their ovaries b) females with no viable eggs in their ovaries
and c) males captured by different treatments. Dark bars represent blocks where food was
added; white bars represent clean blocks. In butyl hexanoate plus ammonium carbonate
(BH + AC) treatments, vials containing butyl hexanoate and ammonium carbonate were
placed 15cm away from traps. In butyl hexanoate (BH) treatments, traps were baited
with butyl hexanoate alone. Data were analyzed using a one-way ANOVA followed by
LSD comparison of means; a square root of x+1 transformation was used to stabilize
variance. Data are shown untransformed. Different letters represent statistical differences
at the 0.05 level.

CHAPTER 3

EFFECT OF APPLE ORCHARD STRUCTURE ON INTERCEPTION OF
RHAGOLETIS POMONELLA FLIES (DIPTERA: TEPHRITIDAE) BY ODOR-BAITED

TRAPS

Abstract

To test the effect of orchard structure on interception of apple maggot flies, Rhagoletis
pomonella (Walsh), by odor-baited red sphere traps, we released marked mature male

apple maggot flies inside and outside of square apple tree blocks. The blocks were
composed of large trees planted at low density, medium sized trees planted at medium
density, or small trees planted at high density. The experiment was carried out in six
commercial apple orchards during summer in 1997 and 1998. Released flies moving into
blocks were intercepted in large proportions by baited perimeter traps, thus preventing fly
penetration into sphere-protected blocks. In 1997, proportions of intercepted flies were
higher for traps in blocks of small and medium sized trees than for traps in blocks of
large trees. In 1998, a year with an unusually low fruit load, interception remained high
but there were no differences in proportions of flies intercepted by traps among blocks of
different sizes. Overall we conclude that the tendency of apple growers in Massachusetts
to replace large trees planted at low density with small or medium sized trees planted at
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high or medium density will not adversely affect behavioral control programs for apple
maggot flies but may in fact enhance their effectiveness through increased interception of
immigrant adults.

Introduction

Plant size and density have been shown to influence foraging decisions of insects in
agricultural settings (Dosdall et al. 1995, 1996, 1998, Banks 1999). More specifically,
apple tree size has been found to affect insect response to traps and susceptibility of fruit
to oviposition and feeding damage (Mani et al. 1995, Reissig et al. 1998). Tree size, intra¬
tree structure and inter-tree distance, studied as individual components of foraging
behavior, influence decisions of fruit-foraging apple maggot flies, Rhagoletis pomonella
(Walsh) (Moericke et al. 1975, Roitberg et al. 1982, Roitberg and Prokopy 1982a, Green
et al. 1994). Apple growers in Massachusetts use a wide array of planting densities and
tree sizes for commercial purposes, with a current tendency to replace large trees planted
at low density with small trees grafted on dwarf rootstock and planted at high density.
This results in changes in structural composition of apple orchards that may affect fly
foraging in unknown ways and may also influence the outcome of pest management
strategies developed and refined over the past twenty years.
Behavioral control tactics for apple maggot flies in advanced-level integrated pest
management programs in Massachusetts rely on interception of immigrant, fruit-seeking
apple maggot flies, using odor-baited red sphere traps placed on perimeter trees of apple
orchards (Prokopy et al.1996). Prokopy et al. (2001) compared trap captures and fruit
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damage of wild immigrating apple maggot flies in square blocks of apple trees of
different sizes. Their 3-year study, conducted in eight commercial orchards, revealed no
differences in captures of wild flies by baited perimeter traps placed around blocks of
different tree sizes although captures by interior monitoring traps and fruit damage were
greater in blocks of large trees than in blocks of medium and small trees.
To determine how foraging behavior is affected by changes in orchard structure,
we marked and released apple maggot flies in the interior and exterior of sphereprotected, square apple tree blocks of different tree size and planting density in six of the
eight commercial orchards employed in the Prokopy et al. (2001) study of feral
populations. Flies released outside of blocks were intended to mimic wild apple maggot
flies immigrating into blocks in search of hosts, whereas the intent of releasing flies
inside of blocks was to gain insight into the fate of immigrant flies that bypassed sphere
interception traps.

Materials and methods

Three square blocks of apple trees were selected in each of six commercial orchards in
Massachusetts (total of 18 blocks). The blocks consisted of small apple trees (M-9
rootstock, 1.5 m diameter) planted at high density, medium sized apple trees (M-26
rootstock, 2.5 m diameter) planted at medium density, and large apple trees (M-7
rootstock, 3.7 m diameter) planted at low density. Each block was comprised of seven
rows of trees perpendicular to woods or hedgerows at the orchard margin. Because
canopy diameter was different for all tree sizes, block size and number of trees per block
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were also different (tree diameter, block size and number of trees per block are given in
Fig.7). Most trees in each block were McIntosh, with some blocks also containing
Cortland trees.
Every 6 m, perimeter trees of each block received an 8 cm red sphere coated with
Tangletrap ® (The Tanglefoot Co., Grand Rapids, Michigan) and baited with a 500 mg
polyethylene vial containing butyl hexanoate (synthetic fruit attractant) placed 15 cm
away from the sphere. Spheres were positioned carefully in the canopy in a manner to
maximize visual apparency (Drummond et al. 1984). Because block size varied with tree
size, a different number of perimeter traps was used in each block type (Fig.7). To
monitor fly penetration, we hung one unbaited Tangletrap-coated red sphere on each of
four trees near the center of each block (also shown in Fig. 7).

Flies

Apple maggot fly pupae were collected from backyard untreated apple trees in
1996 and 1997 using methodology described in Roitberg et al. (1982). Pupae were placed
at 3° C during autumn and winter. In spring, they were kept at 25° C for approximately
30 d until adult emergence, when flies were placed in 30x30x30 cm Plexiglas cages
containing protein, sugar and water. Flies remained in such cages until 14-21 d old.
Under such a regime, apple maggot flies reach sexual maturity in 10 -14 d, and mortality
remains low until after 21 d of age (Dean and Chapman 1973, Hendrichs and Prokopy
1994).
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Only protein-fed mature flies were employed in our study, so as to mimic wild
flies, which are primarily mature when immigrating into apple orchards (Rull and
Prokopy 2000). Because flies were released in commercial orchards under production,
only males were employed, precluding possible oviposition by females. Mature male
apple maggot flies respond to synthetic fruit odor lures and visual traps in a way very
similar to females (Rull and Prokopy 2000). Males were removed individually from
cages, gently held under a fine mesh, and marked on the pronotum with a small dot of oil
paint of a distinctive color (Testors ®, The Testor Corporation). For each release event,
about 30 males bearing the same color mark were placed in a 15x15x15 cm Plexiglas
cage and taken to the field.

Releases

In each orchard, for each release event in 1997, about 25 (20 in 1998) marked
males were released in the central tree of each block. Another 25 (or 20) males were
released on the leaves of a potted, fruitless apple or hawthorn tree (1.5m canopy
diameter) placed 5m away from the center of the perimeter of the block and 5-10 m from
neighboring woods or hedgerow (Fig.l). For each block type and release position, a
distinctive color mark was used (a total of six different colors per release per orchard).
Releases were performed from 0600 to 0900 hours. Flies were removed
individually from release cages with a probe and placed carefully on the surface of a leaf
on the release tree. The following day, traps were reviewed, marked flies were removed
from traps, and trap position was recorded. Although we attempted to release flies twice
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in each of the 6 orchards, only 9 releases could be made in 1997: 2 in 3 of the 6 orchards,
and 1 in the other 3 orchards. In 1998 we were able to release flies twice in 5 of the
orchards, and once in the sixth orchard. A total of 1350 flies was released in 1997 and
1320 in 1998. Releases were made from late June to late August, a time period that
corresponds to wild apple maggot fly activity in Massachusetts.

Data analysis

Proportions of flies caught by baited traps placed on perimeter trees on the line facing the
release tree (front), on both lines perpendicular to the front line (left and right), on the
line parallel to the front line but at the back of the block (back), and by unbaited
monitoring spheres near the center of the block (Fig. 7) were used to compare treatment
effects and to assess fly penetration and distribution. For comparisons, an ANOVA was
used followed by a LSD comparison of means. Percentages were transformed using an
arcsine square root transformation to stabilize variance. Data shown are untransformed.
To analyze seasonal trends in captures, a linear regression was performed on percentage
recovery of flies released both inside and outside of blocks of different tree sizes over
days elapsed since the first day of release.
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Results

Flies released inside apple tree blocks

In blocks of large trees (low-density), perimeter traps on all four sides and unbaited
monitoring traps near the center of the block recovered similar proportions of flies
released in the interior (Table 1). For medium sized tree blocks, baited traps on trees of
two sides (front and back) recovered larger proportions than the remaining two sides
(right and left) and than unbaited monitoring traps, whereas in blocks of small trees
baited traps placed on trees in the front and left side recovered larger proportions of
released flies in comparison to proportions recovered by baited perimeter traps on other
sides and than unbaited monitoring traps (F14120= 3.2; P= 0.0003).
There was a sharp decline in the amount of fruit per tree (about 50% fewer) in
1998 in comparison to 1997. There was a fairly even distribution of marked fly recovery
among baited perimeter traps on all sides of apple tree blocks in 1998 (Table 1), with
traps on trees in the line facing the potted release tree having a tendency to recover larger
proportions of flies than perimeter traps on other sides (F14,50= 2.37 ; P= 0.0053).

Flies released outside apple tree blocks

Regardless of tree size, planting density or growing season, baited perimeter traps
on trees in the line facing the potted released tree (front) recovered larger proportions of
flies released outside of blocks than did baited perimeter traps on any other side of the
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block or unbaited monitoring traps (Table 2)( F14 !20= 11.61; P< 0.00001; FI4150= 19.02;
P<0.00001)(1997 and 1998 respectively). In 1997, baited perimeter traps on the front side
of blocks of small trees recovered higher proportions of flies released on potted trees than
similar traps on the front side of blocks of medium and large trees. This finding indicates
that immigrating flies were effectively intercepted by perimeter traps and more so in
blocks of small trees. Our interpretation that most immigrating flies were intercepted
before entering apple tree blocks is supported also by the fact that consistently larger
proportions of flies were captured by unbaited monitoring traps in the center of apple tree
blocks when flies were released inside of those blocks than when they were released
outside of blocks on potted trees. The difference was not significant in 1997 but was
significant in 1998 (F, 8= 0.84; P=0.36 and F, 10= 5.92; P= 0.01 respectively).
There was an overall drop in percentages of released flies (inside and outside of
blocks) recovered by perimeter and unbaited traps as the growing season progressed in
1997 (Fig. 8), perhaps due to effects of fruit ripening. As apples turned large and red,
they may have competed with odor-baited traps in attracting flies. The decline was more
pronounced for traps on large trees than for traps on medium-sized and small trees. There
was a significant negative correlation between percentages of flies recovered by traps on
large trees and days elapsed since the first release day in 1997 (F, 16= 5.76; P= 0.02) but
not for traps on medium sized and small trees (F, 16= 1.21; P= 0.28; FU6= 2.28; P= 0.15
respectively). In 1998, the decline was less pronounced, but the same correlation was
significant for traps on large trees (F, 20= 7.73; P= 0.01) and again not significant for traps
on medium sized and small trees (Fj 20= 0.32; P= 0.58; F, 20=2.04 ; P= 0.16)(Fig. 8)
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Discussion

The differences in overall percentages of recovery for flies released both inside
and outside of blocks of different tree sizes were not striking and in 1998 may have been
masked by an unusually low fruit load. Baited perimeter traps were very effective at
intercepting immigrating flies (released outside) for all tree sizes, but more so when
placed on small trees (a highly significant difference in 1997 only). This was accentuated
at the end of the growing season when apples appeared to compete visually with traps on
large trees.
Apple maggot flies tend to spend more time foraging on large trees than on small
trees (Roitberg et al. 1982). Accordingly, we should have recovered more flies on large
trees. However, the volume of foliage associated with traps was greater for traps on large
trees. Consequently, there may have been a compensating effect for differences in
residence time, resulting in similar percentages of fly recovery regardless of tree size.
Also, host-seeking apple maggot flies are attracted to distant fruit-bearing trees on the
basis of olfaction (Aluja and Prokopy 1993). When mature flies forage in a patch
permeated by host odor, they can locate distinct point sources of odor (Aluja and Prokopy
1992). The lack of difference in marked fly recovery among blocks of all tree sizes
obtained in 1998 could have been caused by reduced competition between traps and
scarce fruit. This may have increased trap apparency in large trees in comparison to 1997
but had less of an impact on traps on smaller trees.
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Flies released inside of blocks of small and medium sized trees may have moved
faster to the margins of the block than flies released in large-tree blocks. Because our
"front" side of blocks was selected preferentially to be next to open space where we could
maneuver our release tree, perhaps that side was also more exposed to wind than the
other sides and thus recovered more flies for blocks of small and medium sized trees.
Large trees may have presented a greater obstacle to wind than small and medium sized
trees, creating a turbulent flow of odor plumes (Murlis et al. 1992) more difficult for
foraging flies to trace. Such an effect, and the tendency of apple maggot flies to forage
longer in larger patches (trees), could have slowed fly progress through the block and
may have resulted in an even distribution of captures on all sides of the block. Aluja and
Birke (1993) found that although polyphagous Anastrepha obliqua flies prefer to lay eggs
in wild plums rather than in mangos, they will seek refuge in the thicker canopy of
neighboring mango trees during the bright and warm hours of the day. It is conceivable
then that apple maggot flies emigrate faster from exposed blocks of small and medium
sized trees than from blocks of large trees when in search for better shelter.
Because feral apple maggot flies immigrate into commercial orchards from
neighboring woods and unmanaged apple trees (Rull and Prokopy 2000), the most
important aspect of our study, at least from a pest management perspective, lies in
comparing the efficacy of red sphere traps on trees of different sizes in intercepting
immigrant flies (released outside of blocks). The most consistent pattern across orchards
and growing seasons that we observed was the greater tendency of flies released outside
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of blocks of small and medium size trees to be intercepted by traps placed on trees facing
the outside potted tree (where fly releases were made) in comparison to flies released
outside of blocks of large trees.
w

Canopy diameter and tree height were nearly three times greater for large trees
than for small trees in our experiment (3.7 vs 1.5 m. on average). It has been shown that
apple maggot flies have difficulty perceiving tree silhouettes farther than 1.6 m (Roitberg
and Prokopy 1982a, Green et al. 1994), especially if those silhouettes are small
(Moericke et al. 1975). Although apple maggot flies forage longer in large trees (Roitberg
et al. 1982), they invest less time in search when neighboring trees are nearby (Roitberg
and Prokopy 1982b).
On the edge of the tree canopy and in the absence of visually detectable new’
hosts, flies engage in a variable number of short looping flights that often take them back
close to their take-off point (Aluja and Prokopy 1992). Because flight is performed in a
forward fashion, a fly would end up facing the interior of the tree after every looping
flight. In the case of small trees (l-1.5m in diameter) bearing a visual trap, this behavior
could highly increase the probability of a fly encountering a trap w ithin visual range. On
a large tree (4-6m diameter), such flights may not necessarily end up with flies landing in
the proximity of a trap. Furthermore, when large tree canopies are in contact with each
other, flies can move to neighboring trees without performing looping flights. Dosdall et
al. (1998) and Dosdall et al. (1999) also observed behavioral reactions to plant spacing
for two species of flea beetles and two species of root maggots in canola fields. In this
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case, it was argued that there were differences in the perception of visual contrasts
between vegetation and soil background for different row spacings that resulted in
different landing stimuli for colonizing insects.
Prokopy et al. (2001) found small numerical differences in capture of feral flies
per trap among blocks of different tree sizes over a 3-year period. Captures by traps on
large trees in 1998 increased in comparison to those of 1997 in their study, but there was
no increase in fruit damage, a finding that suggests a reduction in competition between
apples and visual traps. In fact, they found rather small amounts of fruit injury, regardless
of tree size, in blocks of different tree sizes over three years. In summary, their study
suggests that trap efficiency, along with reduced fruit damage, increases in small trees in
comparison to large trees. Our study confirmed and strengthened those conclusions and
allowed us to identify increased probability of immigrating fly interception by traps on
small trees, and perhaps increased residence time in blocks of large trees, as the factors
responsible for the observed differences among blocks of different tree sizes.
Overall, tree size and planting density seem to be minor and not major factors
influencing behavioral control strategies for apple maggot flies. If canopies of perimeter
trees on dwarf or semi-dwarf rootstock are separated from each other and from the first
inner row of trees by distances exceeding 1.6m, then interception of immigrant apple
maggot flies could be maximized.
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Table 1: Mean percentages (± S.E) of flies released inside of square blocks of different
tree sizes (small, medium and large) and their corresponding planting densities that were
recovered by baited perimeter traps on: the tree line facing the potted release tree (front),
on both tree lines perpendicular to the frontal line (left and right), on the tree line parallel
and opposed to the front line (back) and by unbaited monitoring traps placed near the
center of each block. Data were analyzed using a one way ANOVA followed by LSD
comparison of means. Different letters (across both columns and rows) represent
statistical differences at the 0.05 level.
Inside
1997

Front

Left

Right

Small
Medium
Large

16.88 ±4.3 a

12.44±4.2abc

4.44± 2.led

7.55± 2.0bcd

2.66± 1 .Id

19.46± 4.6 a

4.24± 1.5cd

6.50± 1.6bcd

13.77± 6.7ab

0.92 ± 0.6c

7.55 ± 2.3bcd

3.55± 2.1d

7.55± 3.4bcd

Inside
1998

Front

Left

Right

Back

Monitoring

Large

12.97± 3.6a

4.08±1.6bcde

7.95±1.9abcd

5.02± 1.7bcde

1.83± l.Ode

Medium
Small

9.43± 2. lab

8.31± 3.5abc

2.69± 1.2cde

7.50± 2.4abcde

4.69± 2.5bcde

11.34± 2.5a

3.69±1.4bcde

4.44±1.5bcde

7.33± 2.3abcde

1.69± l.le
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Back

6.22±1.8bcd

Monitoring

1.77 ± 0.7d

Table 2: Mean percentages (± S.E) of flies released outside of square blocks of different
tree sizes (small, medium and large) and their corresponding planting densities that were
recovered by baited perimeter traps on: the tree line facing the potted release tree (front),
on both tree lines perpendicular to the frontal line (left and right), on the tree line parallel
and opposed to the front line (back) and by unbaited monitoring traps placed near the
center of each block. Data were analyzed using a one way ANOVA followed by LSD
comparison of means. Different letters (across both columns and rows) represent
statistical differences at the 0.05 level.

Outside
1997
Small
Medium
Large

Front

Left

Right

Back

Monitoring

32.00± 5.2a
20.27± 2.9b
16.88± 4.8b

4.88± 1.1c
4.52± 2.5c
5.77± 3.4c

1.33± 0.9c
0.88+ 0.88c
6.22± 2.9c

2.66± 1.1c
2.72± 1.1c
4.44± 3.0c

1.77± 0.9c
0.88± 0.5c
0.88± 0.88c

Outside
1998
Small
Medium
Large

Front

Left

Right

Back

Monitoring

17.98± 2.3a
21.18± 3.3a
19.70± 3.0a

2.98± 1.9b
3.23± 1.1b
3.13± 1.3b

2.54± 1.7b
3.28± 1.1b
3.90± 1.5b

1.31± 0.8b
2.87± 1.2b
0.45± 0.4b

0.00± 00b
0.45± 0.4b
0.00± 00b
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Figure 7: Schematic illustration of sizes of test blocks. For each block of small, medium
and large trees, respectively: number of rows = 7, 7 and 7; number of trees per row = 13,
11 and 8; tree canopy diameter = 1.5, 2.5 and 3.7 m; number of odor-baited spheres on
perimeter trees = 18, 25 and 33. • indicates position of interior monitoring traps. Release
points inside and outside treatment blocks are represented by clear circles.
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Figure 8: Mean percentage of marked flies released inside and outside of blocks and
recovered by baited perimeter and unbaited monitoring traps in small (square dots),
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days elapsed since the first release day was used to plot percentage recovery for
subsequent releases. A regression line was fitted to show seasonal trends in captures.
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CHAPTER 4

VISUAL COMPETITION BETWEEN APPLES AND RED SPHERES IN
ATTRACTING APPLE MAGGOT FLIES

Abstract

We studied effects of visual competition from apples of two cultivars (McIntosh
and Red Delicious) on captures of marked released and wild apple maggot flies (AMF),
Rhagoletis pomonella (Walsh), by odor-baited sticky red spheres. Visual traps on

McIntosh trees (bearing medium-size, pinkish-green fruit at harvest) recovered
significantly larger proportions of marked flies released opposite such trees than did traps
on Red Delicious trees (bearing large red fruit at harvest). Mean percentage fly recovery
on McIntosh trees increased successively as the number of visual traps per tree was
increased from one to three to nine. This was not true for traps on Red Delicious trees.
Mean percentage marked fly recovery tended to increase on McIntosh trees but decrease
on Red Delicious trees as the season progressed and fruit of the latter approached red
spheres in size and color. The effect of visual competition was not observed after
dispersal of marked flies or on wild flies arriving on Red Delicious trees. Because such
flies may have foraged longer on Red Delicious trees than on McIntosh trees, increased
residence time might have compensated for decreased trap conspicuousness. Due to
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apparent visual competition between red sphere traps and red fruit of certain cultivars of
apples (eg. Red Delicious) in attracting AMF, optimal trap positioning for behavioral
control of AMF may need to be adjusted.

Introduction

Host finding in insects often occurs through a combined response to olfactory and visual
cues (Prokopy and Owens 1983, Allan et al. 1987, Bemays and Chapman 1994,
Schoonhoven et al. 1998, Finch and Collier 2000). In general, olfactory cues attract
foraging insects from a distance, whereas visual cues become important toward the final
stages of host finding (Prokopy et al. 1983, Judd and Borden 1991, Bemays and
Chapman 1994). For the apple maggot fly (AMF), Rhagoletis pomonella Walsh, Aluja
and Prokopy (1992) demonstrated that when adults on foliage detect host fruit odor in the
wind they orient toward the wind, take flight, and approach the source in a series of short
flights. After arrival on a host tree, flies discover individual fruit on the basis of vision,
provided fruit are visually conspicuous i.e., not masked by color or abundance of foliage
(Aluja and Prokopy 1993).
Visual and olfactory cues guiding insects to their hosts have been exploited
frequently to develop insect monitoring devices. In some cases, if response to synthetic
odor and/or visual stimuli is strong enough, odor-baited or visual traps also have been
utilized, alone or in combination, as control measures (Finch 1986, Foster and Harris
1997, Epsky and Heath 1998).
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Advanced-level IPM tactics in Massachusetts apple orchards rely on behavioral
control to prevent AMF from damaging apples (Prokopy et al. 1990, 1996). The strategy
consists of ringing the perimeter of apple orchards with visually attractive red sphere
traps baited with synthetic apple odor (Prokopy and Mason 1996). Red sphere traps are
effective at intercepting fruit-seeking immigrant AMF (Rull and Prokopy 2000) and in
some cases provide protection similar to that of pesticide applications (Prokopy et al.
2000). In view of potential restrictions on use of insecticides traditionally employed for
insect control in apple orchards, there is heightened interest in alternative control
methods. The design of better trap deployment tactics could result in reduction in cost of
behavioral control through increased efficiency that would lead to its large-scale
adoption.
Thorough understanding of factors that affect attraction of AMF to baited traps is
required for effective deployment of traps for AMF control. Baited sticky red spheres
appear to lose some effectiveness toward the end of the growing season, when apples
approach maturity (Reissig 1974, Rull and Prokopy,2000). As apples mature, not only do
they grow in size and change color from green to red (true for most cultivars), therefore
potentially competing visually with red spheres in attracting AMF, but also they peak in
emission of attractive volatiles (Carle et al. 1987). Use of vision is oftentimes hard to
separate from use of olfaction in experimental studies of host finding behavior in insects
(Schonooven et al. 1998). Even so, determining the true nature of host/trap competition is
key to optimizing behavioral control techniques using traps.
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Here, we attempt to address the visual component of host/trap competition in
AMF by testing the following hypotheses. Traps on trees of cultivars bearing large red
fruit (visually conspicuous) will recover less AMF than traps on trees of cultivars bearing
smaller and less conspicuous fruit. Traps on trees bearing a high density of fruit will
recover less AMF than traps on trees bearing a low density of fruit. Trees bearing
increasing numbers of visual traps will recover increasing proportions of AMF.

Materials and methods

Cultivar and fruit density

Our experiment was carried out during the summer of 1999 in a section of the University
of Massachusetts Horticultural Research Center apple orchard. The section consisted of a
rectangular block comprised of 12 rows of medium size apple trees 2-3 m in canopy
diameter. Each row contained 18 trees. Six consecutive rows were composed exclusively
of Red Delicious trees. The remaining six rows were composed exclusively of McIntosh
trees. The block was sprayed early in the season with fungicide, but no insecticide was
applied at any time.
Red Delicious was selected because of the large size and dark red color of mature
fruit, whereas McIntosh was selected for the medium size and pinkish-green color of
mature fruit. We hypothesized that Red Delicious fruit would compete visually with red
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sphere traps in attracting AMF as harvest approached, whereas McIntosh apples would
do so to a lesser degree. Red Delicious trees and McIntosh trees bore an average of 325 ±
31 and 134 ± 23 fruit per tree, respectively.
All fruit were hand-removed from all trees where AMF were released: rows 2 and
5 (Red Delicious) and rows 8 and 11 (McIntosh)(Fig.9). Two sets of three trees, similar
in size and fruit load, were selected in rows 1 and 4 (Red Delicious) and 7 and 10
(McIntosh) and designated as having high fruit load (Fig. 9). In two alternate sets of trees
in these same rows, all trees were hand thinned until only a third of the initial fruit load
remained attached to the branches (designated as low fruit density)(Fig.9).
Because visual properties of apples gradually change as the season progresses, we
sampled six McIntosh and six Red Delicious apples every week during the time period
encompassing fly releases. Fruit diameter was measured using a looped fruit sizer
(Cranston Machinery Co. Oak Grove, OR). Reflectance of the fruit surface was measured
with an electronic luxmeter (Panalux-Gossen, Erlangen, Germany). For reflectance
readings, apples were hung by a thin wire from the top of a 30 x 15 x 10 cm cardboard
box lined with white paper in a room where illumination was held constant. Every week,
we initiated readings by measuring reflectance from an 8.5 cm red sphere trap. The
surface of the luxmeter was placed 2 cm away from and parallel to the sphere surface,
facing the interior of the box. We then took readings from McIntosh and Red Delicious
apples. Results of such measurements, and fruit diameter readings, are shown in Table 3.
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Odor and visual stimuli

Four visual stimulus treatments were established (Fig. 10). The first consisted of a
single 8.5 cm red sphere coated with Tangletrap (Gemplers. Mt Horeb, WI) and placed
on the central tree of a three-tree set. For the second treatment, a single same-type trap
was placed on each of the three trees of a set. For the third treatment, three same-type
traps were placed on the central tree and a single same-type trap on each of the two
lateral trees of a set. For the fourth treatment, nine same-type traps were placed on the
central tree and a single same-type trap on each of the two lateral trees of a set.
Treatments were arranged so as to include all treatment x cultivar x fruit-density
combinations.
Each trap was placed in optimal position within a tree according to Drummond et
al. (1984). The trap was hung in the upper half of the tree canopy and surrounded by fruit
and foliage from all directions, leaving about 12 cm of space between the trap surface and
the nearest foliage or fruit. For trees having three and nine traps, an attempt was made to
space traps evenly within tree canopies, taking care to place traps so as to be surrounded
on all sides by foliage, but leaving approximately 12 cm of space to prevent foliar contact
with the trap. All traps were replaced by clean traps every 2 weeks to prevent buildup of
non-target insects and debris, which can affect capturing power of traps (Duan &
Prokopy, 1992). A single 500 mg polyethylene vial containing butyl hexanoate, an
attractive synthetic apple volatile (Averill et al. 1988), was placed on the central tree for
all sets of trees. Such vials were added to all central trees in an attempt to hold odor
stimuli constant for all treatments. Although composition and amount of volatiles from
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ripening McIntosh and Red Delicious fruit differ to some extent from one another and
from mid to late season (Carle et al. 1987, Zhang et al.1999), use of vials releasing about
500 jJ-g/h of butyl hexanoate was intended to provide sufficient attractant so as to
neutralize differences between cultivars in amount of attractant released.
Placing single unbaited traps on lateral trees of three-tree sets was intended to
provide an additional measure of the effect of placing increasing numbers of traps on
central trees. Hypothetically, proportions of released flies recovered by unbaited lateral
traps should be smaller for lateral traps neighboring a central tree bearing three or nine
traps than proportions recovered by lateral traps next to a central tree bearing only one
trap.

Flies and releases

AMF pupae were obtained from apples infested the previous season in
unmanaged backyard trees. Pupae were stored at 3°C during winter and spring and placed
for approximately 30 days at 23°C to terminate diapause. Emerging adults were placed in
30x30x30 cm Plexiglas cages containing water and food (protein and sugar). Female
AMF between 14 and 21 days of age (sexually mature) were marked on the notum of the
thorax with one or two dots of Testors oil paint (The Testors Corp. Rockford, IL).
Sexually mature females were selected because of their propensity to respond to odor and
visual host-associated stimuli, and also because it has been found that feral AMF entering
apple orchards in Massachusetts are primarily mature (Rull and Prokopy 2000).
Approximately 20 flies bearing the same color mark were released on a fruitless release
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tree opposite the central tree of a three-tree set (320 flies per replicate)(Fig.9). Flies were
removed from cages individually with a probe and placed gently on a single leaf.
Releases were performed early in the morning before high temperature affected flight
activity. In all, eight releases per treatment were performed from August 23 to September
27, at which time McIntosh apples were harvested and Red Delicious apples were 2-3
weeks away from harvest.
Traps were reviewed 24 hours after fly release. All captured AMF were removed
from spheres, counted and recorded according to color mark (if any). In contrast to
marked released flies, unmarked wild flies were exposed to treatments for an average
time of 4 to 5 days instead of 24 hours.

Statistical analyses

A factorial analysis of variance was performed. The dependent variable was either: (a)
the percentage of marked flies released in front of a treatment that was recovered by traps
associated with that treatment, (b) the number of marked flies released and captured by
traps on trees not associated with that treatment, (c) the number of wild flies caught per
treatment, (d) the proportion of marked or wild flies caught by traps on the central tree of
a treatment relative to the proportion caught on lateral trees of that treatment. Proportions
were transformed using an arcsin square root transformation. Independent variables were
cultivar, fruit density and treatment.
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Results

Marked flies

Traps placed on McIntosh tree sets (pinkish-green fruit) recovered significantly
greater overall proportions of marked flies than traps placed on Red Delicious tree sets
(red fruit)(P< 0.00001). This was true for trees bearing high as well as low fruit load (P=
0.79). The difference appears to have been due to a decrease in captures by traps on Red
Delicious trees as the season progressed (Fig. 11) and as Red Delicious apples grew in
size and increasingly acquired light reflectance values similar to those of red sphere traps
(Table 3). As the number of traps per central tree increased on McIntosh tree sets, we
observed a corresponding increase in recovery of marked flies. Such an increase was not
observed, however, for traps on Red Delicious tree sets (Fig. 12). Larger proportions of
marked flies were recovered on tree sets whose central tree bore nine or three traps than
on tree sets bearing one trap on the central tree (P= 0.001). Although cultivar x treatment
interaction was not significant at the 0.05 level, it was suggestive (P= 0.09).
A large proportion of marked released flies was not captured by traps on trees
opposite release trees (treatment trees). Those flies dispersed and were later caught by
traps on other treatment trees (dispersing marked flies). There were no differences
between McIntosh and Red Delicious tree sets in numbers of dispersing marked flies
captured by traps (P= 0.33). Fruit density had no effect on captures of dispersing flies (P=
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0.85). More dispersing marked flies were recovered on tree sets of each cultivar having
nine traps on the central tree than on tree sets having three traps or one trap on the central
tree (P<0.00001)(Fig. 13).

Wild flies

There were no differences in the overall number of wild flies captured by traps on
Red Delicious versus McIntosh tree sets (P= 0.92). Factorial ANOVA did not reveal
significant differences in captures of wild flies between tree sets bearing a high or a low
fruit load at the 0.05 level (P=0.11). However, when captures were analyzed separately
for each cultivar (by means of a one-way ANOVA), more wild flies were caught on traps
on Red Delicious tree sets bearing a high fruit load (4.71 ± 0.94) than on traps on Red
Delicious tree sets bearing a low fruit load (3.0± 0.71)(P= 0.03). There was no effect of
fruit load on wild fly captures for traps on McIntosh tree sets (P= 0.56).
Significantly more wild flies were caught on tree sets of each cultivar having nine
traps on the central tree than on tree sets having three or one trap on the central tree (P<
0.000 l)(Fig. 14).

Proportions of total captures by central traps of three-tree sets

To estimate the potential value of concentrating all traps in a locale on a single
tree as a viable trap deployment strategy, we compared numbers of adults captured on
baited central trees of three-tree sets as proportions of total captures per treatment. Fruit

density had no effect on proportions of marked released, marked dispersing or wild flies
captured by central traps (P= 0.10, P= 0.25, P= 0.68 respectively). Marked released,
marked dispersing and wild flies were captured in larger proportions by traps on the
central treatment tree when that tree had nine or three traps than when it had a single trap
(P< 0.01; P< 0.01; P< 0.01 respectively). Mean proportions of total captures by traps on
the central tree of three-tree sets for individual treatments are shown in Fig. 15.

Discussion

Regardless of fruit density, traps on McIntosh trees recovered higher percentages
of flies released in their proximity than traps on Red Delicious trees. The margin of
difference between cultivars in recovery of such flies on traps increased in magnitude as
the season progressed and visual properties of Red Delicious apples approached those of
red sphere traps. Mean percentages of recovery on McIntosh trees increased as the
number of traps per central tree increased from one to three to nine, but no such an
increase occurred for recoveries on Red Delicious trees. After release, marked flies not
captured by traps on trees opposite release trees dispersed and were recovered in
successively larger numbers in trees of each cultivar as the number of traps per central
tree increased from one to three to nine. Wild flies also were captured in successively
larger numbers on trees of each cultivar as number of traps per central tree increased.
When captures of wild flies were analyzed separately for each cultivar, Red Delicious
trees having nine traps captured larger numbers of wild flies if they bore a high density of
fruit than a low density of fruit. Baited traps in the center of three-tree sets caught from
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50 to 85% percent of the total of flies captured by all traps in tree sets. The proportion of
total captures in a three-tree set corresponding to the central tree increased as the number
of traps per central tree increased from one to three to nine.
AMF exposed to a point source of odor arrive usually at the tree harboring the
odor (Aluja and Prokopy 1992). After arrival on the tree, flies discover individual
apparent and abundant host fruit on the basis of vision (Aluja and Prokopy 1993). These
authors studied responses of AMF foraging on a caged fruitless apple tree to various
types and densities of fruit models (spheres). Among other things, it was found that AMF
responded to strong visual stimuli independently of odor and that increasing the number
of models (traps) per tree from 1 to 16 increased the probability of foraging flies
encountering a model from 50% to 90%. Marked flies released opposite McIntosh trees
in our study displayed a response pattern very similar to that of AMF foraging on
fruitless trees in the study of Aluja and Prokopy (1993). Indeed, on McIntosh trees, the
probability of fly capture by traps increased significantly as the number of traps per tree
was increased from one to three to nine. This, however, was not true for released flies
foraging in Red Delicious trees. Aluja and Prokopy (1993) also tested the response of
foraging AMF to real apples (Red Delicious and green Granny Smith apples). They found
that the proportion of AMF landing on Red delicious apples was more than twice greater
than that landing on Granny Smith apples. In fact, ripe Red Delicious apples were as
attractive to foraging AMF as 7.5 cm red sphere models.
The lower percentages of recovery of flies released opposite Red Delicious trees
when compared to flies released opposite McIntosh trees, and the lack of difference
among proportions of such flies recovered in Red Delicious trees bearing one, three or
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nine traps, can be explained as follows. For AMF foraging towards harvest in a Red
Delicious tree with a high fruit load (a time when, to our eye, spheres and apples were
visually indiscernible), a trap competed with approximately 325 apples. The probability
of that trap being visited by a fly on its first foraging bout would have been very low
(1/325) and not much greater for trees bearing nine traps (9/325). A three-fold reduction
in the amount of Red Delicious fruit per tree (low fruit load of 110 apples /tree) did not
appear to enhance trap apparency:to AMF. Despite the fact that McIntosh trees with high
fruit load also bore substantial amounts of fruit (about 135 apples/tree), red spheres in
such trees were evidently quite attractive to AMF, possibly due to the pale color and
smaller size of apples.
Response patterns of dispersing marked flies and wild flies appeared to be in
conflict with our findings for marked flies released opposite treatment trees. Indeed, for
the former types of flies we did not find differences in captures among traps on Red
Delicious versus McIntosh trees. Marked flies released on fruitless trees opposite
treatment trees probably were most likely to forage initially on the closest tree. If not
captured during the initial foraging bout, flies probably resumed foraging in other trees,
guided to them by attractive odor. Wild flies, by contrast, were most likely immigrating
from surrounding habitat and also guided by fruit odor. The observed response patterns
for marked dispersing and wild flies could have been the result of one or a combination
of two causes. Either such flies were attracted in larger numbers to Red Delicious trees by
the combined release of volatiles from vials and Red Delicious apples, and/or they
foraged for longer periods of time on Red Delicious trees than on McIntosh trees.
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Apples emit volatiles attractive to AMF that increase in magnitude as maturity
approaches (Fein et al. 1982, Carle et al. 1987, Averill et al. 1988). Some apple cultivars
accumulate more AMF than others (Dean and Chapman 1973), perhaps because they
differ in odor composition (Carle et al. 1987). Although McIntosh overall is less
attractive to AMF than is Red Delicious (Rull and Prokopy, unpl), Red Delicious is a late
maturing cultivar that peaks in volatile release between late September and early October,
a time period that would have coincided with the end of our fly release period. Such a
peak typically is accompanied by a dramatic increase in trap captures, a phenomenon that
we failed to observe in our study.
Roitberg et al. (1982) concluded that AMF foraging behavior could best be
described as “success motivated search”, where host density, apparency and quality
influence foraging persistence of AMF (Roitberg and Prokopy 1984). Fruit-foraging
AMF are responsive to host visual properties such as fruit size, color (hue and intensity)
and shape (Prokopy and Owens 1983). We found that in general, Red Delicious apples
are larger and have light reflectance values lower than those of McIntosh apples. It
appears that such visual properties render Red Delicious apples particularly attractive to
AMF. Also, the fact that we captured more wild flies on Red Delicious trees having a
high than a low fruit load may be an indication that wild AMF foraged longer on trees
bearing larger numbers of visually attractive apples. Despite the fact that in such a case,
red sphere traps would have been less apparent on Red Delicious trees than on McIntosh
trees, greater cumulative residence time or greater cumulative fruit visits on Red
Delicious trees may have compensated for any decrease in trap capturing power.
Similarly, Duan and Prokopy (1994) found that for AMF foraging on a caged tree bearing
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50 Gravenstein apples and one red sphere, numerically larger proportions of flies
encountered the sphere when the apples on the tree were green than when the apples were
red. However, they also found that flies visited more red than green apples during
foraging bouts.
Attracting and concentrating pests in a small portion of a crop where they can be
eliminated is a viable control strategy (Hokkanen 1991). Reynolds et al. (1998) suggested
using odor lures to draw AMF to trees containing red spheres as a potential strategy to
control AMF. In terms of trap deployment strategies for behavioral control programs, our
findings provide some useful insights. Our results support the notion that a decrease of
odor-baited red sphere trap effectiveness with increased fruit ripeness, observed for some
cultivars in studies on AMF (Prokopy et al. 1995), is due to visual competition during the
intra-tree search process. If host/trap competition is primarily of a visual rather than
odorous nature, AMF entering an apple orchard would be attracted from a distance to
synthetic fruit odor vials even when apples emit peaks of attractive volatiles. Once a fly
has arrived on a tree bearing attractive odor, the possibility of visual competition of fruit
with spheres comes into play. On trees whose fruit offers comparatively little visual
competition, captures of AMF by red spheres may be highly probable. On trees bearing
large red apples, visual competition with red spheres may be strong, especially toward the
end of the season. Drummond et al. (1984) suggested that, among other things,
positioning traps close to fruit and foliage would maximize fly captures. However, their
study was performed during early-mid season. Our results suggest that optimal trap
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positioning should be revised. Perhaps removing fruit from a 20-30 cm radius around red
sphere traps would reduce visual competition from apples and maintain trap efficiency as
harvest approaches.
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Table 3: Weekly mean diameter (mm) and reflectance readings (lux) from McIntosh
apples, Red Delicious apples, and red sphere traps.

Red sphere
Date

Diam. Reflectance

Red Delicious
Diam.

Reflectance

McIntosh
Diam. Reflectance

August 25

85

1.5

68.6± 1.8 2.0 ± 0.08

63.5±4.0

2.1 ±0.04

August 30

85

1.5

63.3± 5.3

1.9 ±0.08

68.5± 2.8

1.9 ± 0.12

September 7

85

1.5

73.3± 5.1

1.7 ±0.14

72.7± 4.3

1.7 ±0.14

September 12

85

1.5

80.3± 2.5

1.6 ±0.07

69.2± 1.8

1.9 ± 0.11

September 20

85

1.5

80.0± 3.5

1.5 ±0.05

71.3± 4.1

1.8 ±0.05

September 28

85

1.5

77.8± 7.0

1.6 ±0.05

75.5± 5.6

1.9 ± 0.11
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Figure 9: Schematic representation of experimental block. Black and gray circles
represent, respectively, apple trees with unmodified (high) fruit density and modified
(low) fruit density. White circles represent apple trees not belonging to any treatment.
Crossed circles represent trees on which AMF were released. Rows 1-6 = Red Delicious.
Rows 7 -12 = McIntosh.
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Figure 10: Schematic representation of visual treatments. Circles in the same row
represent apple trees comprising a set. Numbers enclosed in circles represent the number
of red sphere traps placed on each tree.

Figure 11. Mean percent recovery of marked released flies on spheres on Red Delicious
three-tree sets (triangles) and McIntosh three-tree sets (squares) per release event over
time elapsed since the first release (August 23). Regression line was fitted to show
tendency.
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Figure 12 Mean percent recovery (± s.e) of marked flies released on trees opposite
treatment tree sets and captured by spheres on such trees (McIntosh and Red Delicious).
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Figure 13: Mean number (± s.e) of marked flies released on trees opposite treatment tree
sets and captured by spheres on other treatment tree sets (dispersing flies) of McIntosh
and Red Delicious.
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Figure 14: Mean number (± s.e) of wild flies captured by spheres of different visual
treatments on tree sets of McIntosh and Red Delicious cultivars.
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Figure 15: Proportions of total captures per treatment of (A) marked, (B) marked
dispersing and (C) wild flies by spheres on the central tree of three-tree sets of McIntosh
or Red Delicious cultivars.
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CHAPTER 5

TRAP POSITION AND FRUIT PRESENCE AFFECT VISUAL RESPONSES OF
APPLE MAGGOT FLIES (DIPT., TEPHRITIDAE) TO DIFFERENT TRAP TYPES

Abstract

We compared responses of apple maggot flies (AMF), Rhagoletis pomonella
(Walsh), in a commercial apple orchard in Massachusetts to three different types of visual
traps baited with synthetic fruit volatiles. The traps were red spheres, Ladd traps (a
rectangular yellow panel between two red hemispheres), and rectangular yellow panels.
Traps were placed either in optimal position (after Drummond et al. 1984) or sub-optimal
position (not surrounded by foliage and fruit from all sides). The study was performed
over three years. Early in the season, when apples were small and green, red spheres
followed by Ladd traps attracted more flies than yellow panels. Ladd traps were the most
sensitive to trap positioning, losing effectiveness when placed in sub-optimal position.
During late season, in years yielding crops of large red apples, red spheres in optimal
position (surrounded by growing red fruit) lost some effectiveness relative to Ladd traps
in optimal position. Red spheres in sub-optimal position were not similarly affected,
perhaps due to the lack of fruit in the background. Red sphere performance relative to
Ladd traps was reestablished after removal of competing fruit from trees at harvest.
Because Ladd traps are more expensive to purchase and more difficult to position, red
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spheres are a better option for commercial growers in eastern North America.
Conceivably, loss of capturing power of red spheres due to visual competition from red
apples towards harvest could be mitigated by adjusting trap positioning.

Introduction

The apple maggot fly, Rhagoletis pomonella (Walsh) (AMF), is a key pest of
apples in eastern North America. Visual traps, alone or in combination with synthetic
odor lures, have been used both for monitoring and controlling this pest (Reynolds et al.
1998). Although there has been voluminous research on finding the best trap for AMF
(Drummond et al. 1984, Reissiget al.1985, Aliniazee et al. 1987, Jones and Davies 1989,
Agnello et al. 1990, Aliniazee 1990, Warner and Watson 1991, Bostonian et al.1993),
there remain differences and regional preferences as to what the ideal AMF trapping
device should be.
Traps for AMF have been developed based on two premises. First, AMF females
forage extensively for protein when immature and respond positively to compounds
releasing ammonia, especially when in association with super-normal visual mimics of
foliage (yellow panels)(Prokopy 1972). Second, when mature, AMF females forage
extensively for oviposition sites and respond positively to natural or synthetic host odor
(Prokopy et al. 1973, Averill et al. 1988) and super-normal visual mimics of host fruit (red
spheres)(Prokopy 1968, Prokopy 1977).
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A trap comprised of two opposing red hemispheres centered on a yellow rectangle
(Kring 1970), subsequently termed a Ladd trap by its manufacturer, is thought to attract
both immature and mature AMF. In concept, such a trap could be superior to a yellow
panel or a red sphere alone. Indeed, Ladd traps have been found to be more effective than
red spheres in some studies undertaken in western North America (Aliniazee et al.1987,
Jones and Davies 1989). However, in eastern North America, Ladd traps appear to be
about equally as effective as red spheres (Warner and Watson 1991), with some studies
yielding mixed results (Agnello et al. 1990, Bostanian et al. 1993).
AMF in commercial orchards originate primarily from neighboring unmanaged
host trees, where adults forage for protein and carbohydrates close to emergence sites.
When they approach sexual maturity, AMF respond to host volatiles produced in large
amounts by ripening apples in orchards. AMF immigrants into apple orchards are
composed primarily of sexually mature individuals (Rull and Prokopy 2000). Several trap
comparison studies have been conducted completely or partly in abandoned orchards
using unmanaged apple trees (Aliniazee et al.1987, Jones and Davies 1989, Agnello et al.
1990, Bostonian et al.1993). Under such circumstances, AMF populations are larger in
size and composed of a larger proportion of immature flies emerging directly beneath
trees bearing traps than is normally the case in commercial orchards.
Trap positioning (Reissig 1975, Drummond et al.1984) and trap maintenance
(Duan and Prokopy 1992) have a strong influence on trap performance. Visual responses
of fruit-foraging AMF to traps depend on trap apparency and on ease of access from
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foliage or fruit to the trap surface. Studies to date comparing performance of Ladd traps
and red spheres have not accentuated trap position as a factor that may have influenced
the outcome.
In an attempt to understand conditions affecting trap performance that would
allow us to identify conclusively the best AMF trapping device for use in commercial
orchards in Massachusetts, we conducted a three-year study comparing red spheres, Ladd
traps, and yellow panels in optimal versus sub-optimal position. The study took place in a
fully managed commercial apple orchard, where fly populations originated from
neighboring unmanaged apple trees.

Materials and Methods

Six consecutive medium-sized trees (2-3 m in canopy diameter) in each of nine
consecutive rows were employed for the experiment. One row was composed of ‘Paula
Red’ trees. The other eight rows were composed of ‘Cortland’ trees. Both cultivars
produce large apples that turn gradually from green to dark red towards harvest. The nine
rows were adjacent and perpendicular to neighboring woods. The same trees were
employed in 1997, 1998, and 2000.
The first tree of the first row received an 8.5 -cm -diameter red sphere placed in
optimal position according to criteria established by Drummond et al. (1984). The sphere
was hung in the upper half of the tree canopy and surrounded by fruit and foliage from all
directions, leaving 12 cm of space between the trap surface and the nearest foliage or
fruit. The second tree received a similar red sphere, placed in sub-optimal position by
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hanging it from a branch in the lower part of the tree canopy, with foliage and scarce fruit
only above the trap and no foliage or fruit on the sides or beneath the sphere. The third
and fourth trees received a Ladd trap (23 x 28 -cm yellow rectangle sandwiched between
the two opposing halves of an 8.5 cm red sphere) in optimal and sub-optimal position,
respectively. The fifth and sixth trees received a 23 x28 -cm yellow panel in optimal and
sub-optimal position, respectively. Position of trap types was rotated in such a way that
every trap type occupied all positions (near, middle and far) relative to adjacent woods
three times (nine replicates for every trap x position combination). All traps were coated
with Tangletrap (Gemplers, Mt Horeb, WI). A 500-ml polyethylene vial containing butyl
hexanoate (synthetic fruit attractant) was placed 15 cm from each trap.
Traps were reviewed once per week, when all flies were counted, sexed and
removed from traps. Traps were cleaned every two or three weeks to prevent buildup of
target and non-target insects, which can affect the visual properties and capturing power
of traps. Tangletrap was reapplied on trap surfaces when needed.
The test period in 1997 extended from July 31 to September 3 (the beginning of
harvest), a time period corresponding to the peak of AMF activity. Because we suspected
that visual competition from ripening red apples might have been affecting the
performance of red spheres as harvest approached, in 1998 we adopted a test period of
June 29 to September 30 (four weeks after the beginning of harvest). This allowed us to
compare trap performance during time periods when fruit were small and green, large and
red, and non-existent. In 2000, observations began July 14 and ended October 11. In
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2000, we also recorded whether AMF captured by Ladd traps in optimal and sub-optimal
positions were caught on the red hemisphere component or on the yellow panel
component of traps.
Captures were compared according to trap type and trap position using a repeated
mesures analysis of variance. Because analysis showed an interaction between trap type
and seasonal time of trap review, we broke the capture data into three seasonal time
periods and then performed an ANOVA on total captures per period, followed by an LSD
comparison of treatment means. The first period (termed early) extended from late June
or early July until early -mid August. It was characterized by fruit that were green in
color and smaller in size than red spheres. The second period (termed late) extended from
early-mid August until early September, the time of harvest. This period was
characterized by fruit that had become increasingly large and red. Hypothetically, apples
may have competed visually with red spheres in attracting AMF during this period. The
third period (termed post-harvest) extended from harvest until late September or early
October. During this period, there were little or no fruit on the trees and thus no visual
competition of fruit with traps. Captures of AMF by red sphere and yellow panel
components of Ladd traps were compared using paired t-tests.

Results

Repeated measures analyses of variance revealed significant interactions between
captures by different trap types and trap review dates (Season): P= 0.07 in 1997, P<0.01
in 1998 and P= 0.01 in 2000.
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Across all three years, red spheres closely followed by Ladd traps caught about
three times as many AMF as yellow panels (Table 4). Although Ladd traps in optimal
position caught slightly more total AMF than red spheres in optimal position, Ladd traps
in sub-optimal position caught fewer total AMF than red spheres in sub-optimal position.
Fig. 16 illustrates results of separate ANOVAS followed by LSD comparisons of means
performed during three distinct periods of fly activity: early, late and post-harvest.
Seasonal response patterns of AMF to visual traps were somewhat similar in 1997 and
1998 but slightly different in 2000, especially during late season. This was perhaps
because fruit thinning was heavier in 1997 and 1998 than in 2000. Also, the summer of
2000 was unusually wet and cool. Both fruit load and growth rate are known to affect
fruit size and color (Marsh et al.1996, El-Mahdy and Abdalla 1995). Management
practices and weather patterns at our study site resulted in variation in fruit size and color
across years that may have affected trap apparency in different ways.

Early season

Early in the season, red spheres in optimal position were the most attractive traps,
capturing statistically larger (1997) or statistically equal (1998 and 2000) numbers of
AMF compared with Ladd traps in optimal position. Red spheres in sub-optimal position
caught statistically equal (1998 and 2000) or smaller (1997) numbers of AMF compared
with red spheres in optimal position, statistically equal (1997 and 1998) or smaller (2000)
numbers of AMF than Ladd traps in optimal position, and statistically larger (1997) or
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equal (1998 and 2000) numbers of AMF compared with Ladd traps in sub-optimal
position. Ladd traps in sub-optimal position caught statistically equal numbers of AMF
compared with yellow panels in either position for every year.

Late season

Late in the season, in years with crops of large red apples (1997, 1998), red
spheres in optimal position appeared to loose some capturing power in comparison to
Ladd traps in optimal position. The latter captured significantly more AMF than any
other trap type in 1998 and statistically equal but numerically greater numbers of AMF
compared with red spheres in optimal position in 1997. However, in 2000 when fruit
color was affected by cool weather, Ladd traps in optimal position caught statistically
equal but numerically smaller numbers of AMF than red spheres in optimal position. Red
spheres in sub-optimal position were not similarly affected by fruit size and color, and in
1997 and 1998 caught statistically equal numbers of AMF compared with red spheres in
optimal position (but statistically smaller numbers in 2000). Ladd traps in sub-optimal
position captured statistically (1997, 1998) or numerically (2000) smaller numbers of
AMF compared with Ladd traps in optimal position, statistically smaller (2000) or equal
(1997, 1998) numbers of AMF compared with red spheres in optimal position, and
statistically smaller (1997) or equal (1998, 2000) numbers of AMF compared with red
spheres in sub-optimal position.
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Post-harvest

AMF response patterns to different trap types became similar for 1998 and 2000
after removal of apples from trees. For both years, red spheres in optimal position
captured numerically though not statistically greater numbers of AMF than Ladd traps in
optimal position. Red spheres in optimal position also captured numerically (2000), and
significantly (1998) more AMF than red spheres in sub-optimal position and significantly
more AMF than Ladd traps in sub-optimal position (1998 and 2000). Ladd traps in
optimal position caught numerically but not significantly more AMF than red spheres in
sub-optimal position (1998, 2000), and numerically (1998) or significantly (2000) more
AMF than Ladd traps in sub-optimal position.

Sex ratio

In all cases, traps captured more females than males (Table 5). In 1997, sex ratios
were quite similar for red spheres in both positions and Ladd traps in optimal position,
but yellow panels in both positions and Ladd traps in sub-optimal position caught
markedly higher proportions of females than males. In 1997, sex ratios for Ladd traps in
sub-optimal position and yellow panels in optimal and sub-optimal position were
estimated from captures by a small number of traps (15, 19 and 7, respectively) due to the
fact that many such traps did not capture any flies in some weeks. In 1998, sex ratios
were estimated from a 30-trap sample for all trap types, and were found to be quite
similar for all trap types.

84

Significantly larger numbers of AMF were found on the red hemisphere
component than on the yellow panel component of Ladd traps in optimal position: 1.7 ±
0.27 s.e vs 0.54 ±0.12, respectively (P= 0.0002)( N=31). For Ladd traps in sub-optimal
position, we found no differences in the number of AMF recovered on the red or yellow
component of traps: 0.9 ± 0.29 s.e vs 0.86 ± 0.16, respectively (P= 0.89)(N=22).

Discussion

Early in the season, red spheres taken together captured slightly more AMF than
Ladd traps taken together. Ladd traps appeared to be more sensitive to trap positioning
than red spheres, losing overall more capturing power when in sub-optimal position.
Yellow panels were outperformed by other trap types in all cases. In years yielding crops
of large red apples (1997, 1998), red spheres in optimal position (in proximity to visually
competing fruit) lost some of their effectiveness during late season. Red spheres in suboptimal position appeared to be less affected. During this period, Ladd traps in optimal
position captured greater or equal numbers of AMF compared with red spheres in either
position. However, Ladd traps in sub-optimal position remained ineffective. When apples
were removed from trees at harvest, red spheres in optimal position recovered their
capturing power relative to Ladd traps in optimal position.
Adults of several species in the genus Rhagoletis , including AMF, use the
spherical shape of host fruit as a dominant visual cue in host finding (Prokopy and Papaj
2000). When comparing visual responses of AMF to objects of similar size but different
shape, Prokopy (1968) found that AMF preferred to alight on spheres rather than on
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rectangles. Duan and Prokopy (1992) found that placing a protective roof over spheres
reduced AMF captures in comparison to uncovered spheres, even if the roof only
partially obscured the sphere. Reynolds and Prokopy (1996) found that the tendency of
AMF to alight on spheres was gradually reduced when spheres were hollow and
perforated with increasing numbers (3, 6 and 12) of 2.4 cm diameter holes. Apparently,
deviations from a spherical shape reduce visual response of sexually mature, fruitforaging AMF to fruit-mimicking traps.
AMF in our study responded primarily to the red hemisphere component of Ladd
traps, a finding consistent with earlier observations by Warner and Watson (1991) and
Bostanian et al. (1993). We found red spheres to be more attractive than rectangular
yellow panels, a finding in agreement with those of Prokopy and Hauschild (1979) and
Reissig et al. (1985) in commercial orchards. Also, in the absence of visual competition
from large red fruit, red spheres in our study were slightly more attractive than Ladd
traps. Put together, evidence suggests that under certain circumstances, Ladd traps could
have been perceived by AMF as somewhat modified red spheres.
Background can affect a visual stimulus by enhancing or diminishing attractive
surfaces in a number of ways (Owens and Prokopy 1984). Ladd traps in optimal position
were close to dark green foliage and perhaps their yellow component, thought to be
perceived by AMF as a super normal mimic of foliage, contrasted against the
background. Ladd traps in sub-optimal position were not surrounded by dark green
foliage from all sides. It is possible that AMF approaching such traps perceived the
rectangular yellow component of Ladd traps outlined against a more open space
background and thus exhibited a weaker visual response to those traps. This argument
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would aid in explaining the marked difference in AMF response to Ladd traps in optimal
versus sub-optimal position.
Although red spheres caught more AMF late in the season than early in the
season, in 1997 and 1998 their effectiveness relative to Ladd traps appeared to decrease
as apples grew in size and became red. As harvest approaches, red spheres compete
visually with large red fruit in attracting AMF (Aluja and Prokopy 1993, Duan and
Prokopy 1994, Rull and Prokopy unpublished data), a finding that may explain our
observations. However, red spheres in sub-optimal position and Ladd traps in optimal
position did not appear to be similarly affected by visual competition with red apples.
Red spheres in sub-optimal position did not have competing fruit surrounding them from
all sides. Ladd traps in optimal position were surrounded by fruit and foliage from all
sides, but the yellow component of these traps against a background of foliage may have
enhanced the contours of the red half-hemispheres of traps, reducing to some degree the
effect of red apples in the background.
Sex ratios for AMF captured in studies performed in abandoned orchards have
generally been skewed towards females for traps with yellow components or baited with
food-based lures (Neilson et al. 1981, Reissig et al.1982, Bostanian et al. 1993), perhaps
because immature female AMF have greater requirements for protein than do males
(Webster et al. 1983). Sex ratios estimated from a 30-trap sample (1998) in our study
revealed little difference in sex ratio of captured AMF among trap types, and were found
to be relatively close to one, indicating perhaps that AMF populations immigrating into
the commercial orchard may have been composed primarily of mature adults.
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Although visual competition may have reduced red sphere effectiveness towards
harvest, this occurred only when spheres were surrounded by large red fruit. Under such
conditions, Ladd traps in optimal position could be (eg. 1998) more attractive to AMF
than red spheres in optimal position. However, Ladd traps were more sensitive to
positioning than red spheres. As a result, we recovered overall larger numbers of AMF on
red spheres. Also, Ladd traps are more expensive and difficult to handle and position than
red spheres (Warner and Watson 1991, Agnello et al.1990). Visual competition from red
fruit toward harvest might be overcome by adjusting positioning of red spheres for
cultivars bearing red apples. For such cultivars, perhaps removal of fruit within 20-30 cm
of red spheres would improve sphere conspicousness to AMF without unduly
compromising the distance at which a sphere can be detected by a fruit foraging AMF.
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Table 4: Total number of apple maggot flies (males and females) caught per trap type per
growing season over three years.
Year

Total

Trap
1997

1998

Red Sphere
Optimal position
Sub-optimal position

2000
•-

95
98

334
270

306
201

735
569

100
31

362
278

308
140

770
449

32
10

110
83

114
51

256
144

Ladd Trap
Optimal position
Sub-optimal position
Yellow Panel
Optimal position
Sub-optimal position

Trap type x week
interaction

P = 0.07

P< 0.01

89

P=0.01

Table 5: Average number of females caught per male by different trap types in 1997 and
1998 estimated from captures by different numbers of traps (N).

1997
Sex ratio

1998
N

Sex ratio

N

Red sphere optimal

1.27

33

1.13

30

Red sphere sub-optimal

1.21

29

1.62

30

Ladd optimal

1.76

35

1.57

30

Ladd sub-optimal

4.50

15

1.17

30

Yellow panel optimal

2.75

19

1.48

30

Yellow panel sub-optimal

6.00

7

1.70

30

Figure 16. Mean number of AMF (± s.e) caught per trap in optimal and sub-optimal
positions per trapping period during three distinct periods of the apple growing season.
Different letters represent statistical differences within but not across periods (a = 0.05)
after ANOVA and LSD comparison of means.
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CHAPTER 6

CULTIVAR COMPOSITION AFFECTS APPLE MAGGOT FLY, RHAGOLETIS

POMONELLA (DIPTERA: TEPHRITIDAE) DISTRIBUTION IN APPLE
ORCHARDS

Abstract

We studied the effect of apple cultivar on the distribution of apple maggot flies in
commercial orchards by comparing fly accumulation on unbaited sticky red sphere traps
placed on trees of different cultivars of apples. In all, 13 cultivars grouped into three
categories of phenological development (early, mid and late ripening), were compared
over a 4-yr period in six commercial orchards. Except for Paula Red, early-ripening
cultivars (Akeene, Jersey Mac, Red Astrachan, Tidemann Red and Vista Bella),
accumulated moderately high to high numbers of apple maggot flies on traps during early
and/or mid season. Gala, a mid-ripening cultivar, accumulated moderately high numbers
of apple maggot flies early in the season and high numbers during mid and late season.
Traps on Cortland and McIntosh trees, both mid-ripening cultivars, accumulated
comparatively small numbers of apple maggot flies during the growing season. Fuji, a
late-ripening cultivar, was among the preferred cultivars during mid and late season,
whereas Red and Golden Delicious (also late ripening) received moderately high
numbers of apple maggot flies early in the season (on occasion) and late in the season.
Braebum, another late-ripening cultivar, was not among the preferred cultivars. Our
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results indicate that apple maggot fly distribution in orchards is not governed exclusively
by fruit ripening phenology but rather by specific preferences of foraging flies for some
cultivars of apple. We discuss implications of such preferences for interception trapping
of apple maggot flies for behavioral control in commercial apple orchards.

Introduction

Many Phytophagous insects tend to be highly host specific (Jaenike 1990) and carefuly
choose the plants on which they deposit their eggs (Bemays and Chapman 1994,
Schoonhoven et al. 1998). Within a narrow host range, some of these insects frequently
exhibit varietal preferences (Githure et al. 1998, Wood and Reily 1998, Liburd et al.
1998, Degen et al. 1999). Variation in cultivar susceptibility to insect damage can be
exploited when developing advanced-level integrated pest management programs
(Reissig et al. 1990, Kogan 1994, Antonious et al. 1999). Because cultivar preference
affects the distribution of apple maggot flies, Rhagoletis pomonella (Walsh), in apple
orchards (Murphy et al. 1990), cultivar susceptibility can negatively impact the results of
perimeter trapping for control (Prokopy et al. 1995, Bostanian et al. 1999). Knowledge of
cultivar preferences could improve design of optimal trap deployment strategies for
behavioral control of apple maggot fly.
It has been known for some time that apple maggot larvae accumulate to a greater
extent in apples of some cultivars than in those of others (Phipps and Dirks 1933, Dirks
1935). Most studies of apple cultivar preference of apple maggot have used accumulation
of ovipositional punctures in fruit or larval, pupal or adult recovery from infested apples
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as the main measure of preference (Phipps and Dirks 1933, Dirks 1935, Oatman 1964,
Dean and Chapman 1973, Reissig 1979). More recent studies have directly or indirectly
recorded greater accumulation of apple maggot fly adults on traps placed on trees of
some apple cultivars than on traps placed on trees of other cultivars (Murphy et al. 1990,
1991, Prokopy et al. 1995, Bostanian et al. 1999).
In general, there appears to be agreement among researchers that apple maggot
flies prefer early ripening cultivars over mid and late ripening cultivars. This preference
has been explained by a fruit maturation hypothesis, where the natural sequence of the
ripening process of apples would tend to concentrate apple maggot fly attack on early
varieties (Dean and Chapman 1973). Murphy et al. (1991) concluded that the distribution
of apple maggot fly trap captures among trees of different cultivars in their study was
closely associated with relative fruit maturity, whereas Messina and Jones (1990) argued
that early cultivars of apples are more susceptible to apple maggot fly damage in the field
than are late varieties because their skin is less resistant to ovipositor penetration at the
seasonal peak of apple maggot fly activity.
Host use is the result of interaction between plant stimuli and insect response
(Jaenike 1990). Host plant selection can be divided into host plant finding, host plant
examination and host plant acceptance (Miller and Strickler 1984, Finch and Collier
2000). Susceptibility of apple cultivars to apple maggot fly damage is the result of a
combination of two distinct types of behavioral response to specific properties of fruit:
(a) fruit of some cultivars may be more readily found and/or more arresting after
examination than fruit of other cultivars, and/or (b) fruit of some cultivars may be more
acceptable for oviposition than that of others.
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Here, in an attempt to evaluate host-finding/host-arresting responses of apple
maggot flies to different cultivars of apples, we quantified accumulation of adults on
visual traps placed on trees of different cultivars over a 4-yr period as a measure of adult
arrival or duration of residency on fruit-bearing trees.

Materials and Methods

Massachusetts apple orchards typically are composed of a mix of apple cultivars,
with a current tendency to increase cultivar diversity. We chose to compare apple maggot
fly preference for apple cultivars grouped into three main phenological categories: early,
mid and late ripening. Within each category, we selected three to six cultivars that
represented preferences among New England apple growers at the time of our
experiment. Cultivar comparisons were made over a 4-yr period (1997-2000) in six
commercial apple orchards having different cultivar arrangements. All orchards were
fully managed under a first-level integrated pest managment program (Prokopy 1993)
and employed pesticides for insect and disease control.
Early-ripening cultivars were selected among Akeene, Jersey-Mac, Paula Red
Red Astrachan, Tidemann Red, and Vista Bella, depending on availability. Mid-ripening
cultivars were in all cases Cortland, Gala, and McIntosh. Late-ripening cultivars were
selected among Braebum, Fuji, Golden Delicious, and Red Delicious.
To facilitate management practices, Massachusetts apple growers typically plant
trees of the same cultivar in the same row. We preferentially selected trees in outer rows
that bordered rows of trees of other cultivars of different phenological categories. As a
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result of this measure, trees of a particular cultivar (with the exception of Akeene) were
evaluated across the 4-yr period and across the six orchards in the vicinity of trees of
several other cultivars. In one location (HRC), over two years, we compared
accumulation of apple maggot flies on traps for three to six trees of 10 different cultivars
in a 1-ha experimental block, where sets of three trees were mixed randomly with trees of
about 200 other cultivars that were part of a horticultural study.
When available, eight medium to large size trees (in some cases all available
trees) of each cultivar were selected in each orchard. We attempted to select trees not
farther than 20 m from trees of other cultivars utilized in the experiment. Each tree
received an unbaited 8.5 cm red sphere trap coated with Tangletrap (Gemplers, Mt
Horeb, WI) and placed in optimal position according to Drummond et al. (1984). Spheres
were placed on trees in early-mid July and remained on trees until early October, when
apples of late-ripening cultivars were ready for harvest. Once per week, traps were
inspected and captured apple maggot flies were counted and removed. Every 2-4 wks
traps were cleaned to prevent buildup of non-target insects and were re-coated with
Tangletrap.
A repeated measures analysis of variance was performed on trap captures for each
orchard. Because we found significant interactions between cultivar and trap review date
(season), we broke capture data into three distinct 4-5 wk, seasonal periods: early, mid
and late. A one-way ANOVA was performed on total trap captures for each seasonal
period followed by a least significant difference comparison of treatment means.
We ranked each cultivar in terms of preference by assigning a relative rank from 1 to
13, with 1 being the highest rank and 13 the lowest. The cultivar whose traps
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accumulated the most flies, per seasonal period in a given orchard in a given year
received the highest rank. We compared cultivar acceptance across years and orchards for
each seasonal period by using a one way ANOVA followed by a least significant
difference comparison of mean ranks.

Results

1997

Cultivar comparisons in 1997 were performed in a single orchard: HRC. Two
population peaks occurred in the mid and late season (Fig. 17)
During early season, traps on Akeene trees, an early ripening cultivar,
accumulated significantly more apple maggot flies than traps on trees of any other
cultivar (F=5.05; df= 7,56; P < 0.01)(Table 6). Traps on Fuji trees, a late ripening cultivar
accumulated statistically greater numbers of apple maggot flies than traps on trees of any
other cultivar except Golden Delicious, another late ripening cultivar. Traps on Golden
Delicious caught numerically but not significantly more apple maggot flies than traps on
trees of the remaining cultivars (Cortland, Gala, McIntosh, Paula Red and Red
Delicious), among which there was no statistical difference in fly accumulation.
During mid season, there was a three-fold increase in captures on traps on Akeene
trees, which remained the preferred cultivar and accumulated significantly more flies than
any other cultivar (F=l 1.29; df= 7,55; P < 0.01). There was an increase in the mean
number of flies accumulated per trap for all but one (Cortland) of the remaining cultivars
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relative to that of the early season period. Traps on Cortland trees accumulated
significantly smaller numbers of flies than traps on Golden Delicious, Gala and Paula
Red trees and statistically similar but numerically smaller numbers of flies than traps on
trees of the remaining cultivars (Fuji, Red Delicious and McIntosh).
During late season, traps on Gala, a mid-ripening cultivar, accumulated
significantly more flies than traps on trees of any other cultivars except Akeene (F=3.40;
df= 7,56; P < 0.01). Traps on Akeene trees, whose fruit was harvested at the end of the
period, and Paula Red trees, another early-ripening cultivar, caught numerically greater
but statistically equal numbers of apple maggot flies compared with traps on trees of any
other cultivar.

1998

Cultivar comparisons in 1998 were carried out in two orchards: Tuttle and
Cheney. Although populations were smaller at Tuttle, both orchards experienced a
population peak about the fifth week of the experiment (Fig. 17). Cultivar composition
was slightly different between these orchards, which shared six of thel 1 cultivars
evaluated in 1998 and seven cultivars with HRC, the orchard evaluated in 1997.
During early season, traps on Cortland trees, a mid ripening cultivar, caught the
most apple maggot flies at Tuttle, though not significantly more than Jersey Mac or Vista
Bella (F= 6.27; df= 8,63; P < 0.01)(Table 7). These two early ripening cultivars received
numerically though not statistically more apple maggot flies than Paula Red and
significantly more than any other cultivar (Braeburn, Gala, McIntosh, Red Delicious). At
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Cheney, Tidemann Red, an early-ripening cultivar, caught statistically more apple
maggot flies than any other cultivar except McIntosh, a mid-ripening cultivar (F= 3.30;
df= 8,60; P < 0.01). Most captures on McIntosh occurred on two trees of Roger’s Mac
strain (87%), whereas the remaining six McIntosh trees (Marshall Mac strain)
accumulated only 13% of the total. Traps on Fuji and Golden Delicious trees
accumulated statistically similar numbers of flies as traps on McIntosh trees and not
significantly more than traps on trees of other cultivars.
During mid-season, there was a dramatic increase at Tuttle in fly accumulation on
traps on Vista Bella trees, which caught significantly more apple maggot flies than traps
on trees of any other cultivar (F=20.24; df= 8,63; P < 0.01). Jersey Mac received
numerically but not significantly more captures than Cortland trees. The latter received
significantly more captures than any other cultivar except McIntosh. At Cheney,
Tidemann Red remained the preferred cultivar during mid season, receiving significantly
more captures than traps on trees of any other cultivar (F=6.52; df= 8,60; P < 0.01).
There was no marked increase from early season in accumulation on traps on Vista Bella
trees at Cheney, as observed at Tuttle, perhaps because the entire Vista Bella crop at
Cheney was fully harvested more than two weeks before the end of the mid-season
trapping period. Captures on McIntosh trees were numerically greater than those on trees
of the remaining cultivars, but were significantly greater only than captures on Cortland
trees.
During late season, Gala was the preferred cultivar at Tuttle, receiving
significantly more flies on traps than trees of any other cultivar, among which there were
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no significant differences (F=4.70; df= 8,63; P < 0.01). At Cheney, traps on trees of
Golden Delicious, Gala, and Fuji accumulated significantly more apple maggot flies than
any other cultivar except Tidmann Red (which had dropped most of its fruit)(F=5.30; df=
8,60; P < 0.01). Vista Bella, which had no fruit left, did not capture any flies on traps
during this period.

1999

Cultivar evaluations in 1999 were performed in four widely separated
commercial orchards: Clarkdale, HRC, Shearer and Smith. All orchards included seven
common cultivars. We evaluated 10 and 11 cultivars in two of the orchards and nine in
the remaining two. In all cases, we used eight trees of each cultivar except for Tidemann
Red at Clarkdale (seven), Jersey Mac at HRC (three), and Red Astrachan at HRC (two)
and Smith (one).
Populations were low in comparison to 1997 and 1998. In all orchards,
populations showed two early moderate peaks followed by a drop from which they did
not recover (Fig. 17). This was probably due to a prolonged and severe drought that may
have affected eclosion during mid and late season.
During early season, traps on Red Astrachan caught statistically more apple
maggot flies at HRC than traps on trees of any other cultivar (F=l 1.44; df= 10,65; P <
0.01)(Table 8). Traps on Red Astrachan also caught numerically the most flies early in
the season at Smith (F=1.81; df= 8,59; P = 0.09). Traps on Red and Golden Delicious
caught statistically more flies at Shearer than those on trees of any other cultivar except
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Gala and Jersey Mac (F=3.44; df= 8,60; P < 0.01). At Clarkdale traps on Jersey Mac
caught numerically the most flies and statistically more than traps on Paula Red, Cortland
McIntosh, Fuji and Golden Delicious (F=3.51; df= 9,69; P = 0.01). With the exception of
Red Astrachan at HRC, we failed to detect dramatic and clear-cut differences in cultivar
preference during early season in any orchard in 1999.
During mid season, Fuji and Gala (except at HRC, where traps on Gala trees
accumulated small numbers of AMF) were among the preferred cultivars in all four
orchards. Akeene (HRC), Jersey Mac (Shearer, HRC), and Red Astrachan (Smith) also
accumulated numerically and in some cases statistically more apple maggot flies than
other cultivars ((F=10.34; df= 9,69; P < 0.01)(Clarkdale), (F= 1.11; df= 10,65; P
=0.36)(HRC), (F=2.78; df= 8,60; P < 0.01)(Shearer) and (F=2.47; df= 8,59; P =
0.02)(Smith)). Again, differences in preference among cultivars were not very striking.
During late season, Gala was the preferred cultivar in two orchards (Shearer and
Smith). Gala together with Fuji were the preferred cultivars at Clarkdale, whereas at
HRC, Red and Golden Delicious caught the most flies ((F=5.88; df= 9,69; P <
0.01)(Clarkdale), (F=2.41; df= 10,65; P =0.01)(HRC), (F=4.59; df= 8,60; P <
0.01)(Shearer) and (F=6.40; df= 8,59; P = 0.02)(Smith)).

2000

Although in 2000 we initiated evaluations in two orchards (Clarkdale and
Shearer), we interrupted our study in one of them (Shearer) due to an extremely low
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population. The summer of 2000 was unusually wet and cool, possibly contributing to
the occurrence of just a single population peak nine weeks after the initiation of trapping
(Fig. 17)
During early season, traps on Tidemann Red trees at Clarkdale caught
significantly more apple maggot flies than traps on any other cultivar. Traps on Vista
Bella caught statistically similar numbers of flies as traps on Gala and Fuji and
significantly greater numbers than traps on any other cultivar (F=6.41; df= 9,65; P <
0.01)(Table 9).
During mid season, traps on Fuji trees caught significantly more apple maggot
flies than traps on trees of any other cultivar except Gala. Traps on Gala accumulated
statistically similar numbers of flies as those on Tidemann Red and Golden Delicious and
significantly greater numbers than traps on trees of any other cultivar (F=12.13; df= 9,65;
P<0.01).
During late season, traps on Fuji trees received significantly more apple maggot
flies than traps on trees of any other cultivar. Traps on Gala, Golden Delicious and Red
Delicious received significantly more flies than those on Tidemann Red, which had
dropped most of its fruit, and those on trees of any other cultivar (F= 17.09; df= 9,65; P <

0.01).
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Ranking of Preference

Average preference ranks among cultivars over the 4-yr period reveal that during
early season, two early-ripening cultivars ranked highest in terms of apple maggot fly
preference: Red Astrachan and Tidemman Red (Table 10). These ranked numerically
higher than Jersey Mac (early-ripening), Gala (mid-ripening). Red Delicious (lateripening), Fuji (late-ripening) and Vista Bella (early-ripening), with all other cultivars
having numerically or statistically lower ranks (F= 3.11; df = 12,73; P< 0.01). At mid
season, Tidemann Red retained its high average rank. Red Astrachan, like Vista Bella, is
a very early-ripening cultivar that quickly looses consistency and drops from trees. It
experienced a dramatic drop in preference. Conversely, Jersey Mac and Akeene, both
early cultivars which ripen slightly later than Red Astrachan, gained in average rank. Fuji
apples also gained in rank preference while Gala maintained a relatively high rank. Fuji,
Tidemann Red, Akeene, Jersey Mac, Gala and Golden Delicious ranked significantly
higher in preference than Braebum and Cortland (F= 3.14; df= 12,73; P< 0.01). During
late season, Gala and Fuji were the preferred cultivars. All late-ripening cultivars gained
in rank preference, with Fuji at the top. By contrast, all early-ripening cultivars (except
Red Astrachan) dropped in average rank preference. Paula Red, Jersey Mac and Vista
Bella ranked significantly lower than Gala, Fuji and Golden Delicious (F=4.77; df =
12,73; P< 0.01). The early-ripening cultivar Paula Red and and the mid-ripening cultivars
McIntosh and Cortland always ranked among the bottom six cultivars in terms of
preference.
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Discussion

Traps on most of the early-ripening cultivars that we evaluated, with the
exception of Paula Red, accumulated substantial numbers of apple maggot flies during
the early and/or mid period of the season. Preference among early-ripening cultivars
appeared to shift depending on ripening stage and the onset of fruit drop or harvest. For
mid-ripening cultivars, traps on Gala trees accumulated relatively large numbers of flies
in most years and in most orchards early in the season, maintained their high preference
rank across mid season, and reached their peak of preference rank late in the season. With
the exception of trees of a specific strain (McIntosh) and trees at one locale in one year
(Cortland), traps on McIntosh and Cortland trees accumulated few flies. Among lateripening cultivars, traps on Fuji trees accumulated large numbers of flies during mid and
r

late season. This was true across years and orchards. Both Red and Golden Delicious
appeared at times to accumulate moderately high numbers of flies early in the season.
However, the relative preference rank for Red Delicious dropped during mid season but
regained, along with Braebum and Golden Delicious, a moderately high rank late in the
season.
Attraction can be defined as an oriented movement towards the source of a
stimulus after its perception by a foraging insect. Arrestment can be defined as an
undirected kinetic reaction to a stimulus that slows displacement (Kennedy 1978). Apple
maggot fly accumulation on traps on trees of different cultivars in our study could have
been the result of either or a combination of these behavioral mechanisms. Determining
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the precise nature of apple maggot response to stimuli associated with different cultivars
of apples would be advantageous toward understanding the effect of varietal preference
on fly distribution in commercial orchards.
It has been shown than apple maggot flies are attracted to the odor of apples
(Prokopy et al. 1973, Reissig 1974, Aluja and Prokopy 1993). Attraction is due to the
emission of fruit volatiles that increase in volume and that peak as maturity approaches.
Different apple cultivars emit different mixtures or ratios of volatiles (Fein et al. 1982,
Carle et al. 1987), some of which can elicit positive responses by fruit-foraging apple
maggot flies (Averill et al. 1988, Zhang et al. 1999). Aluja and Prokopy (1992)
demonstrated that apple maggot flies are able to detect such volatiles in the wind, take
flight, and approach their source in a series of short flights. After arrival on a host tree,
flies discover individual fruit principally by vision (Aluja and Prokopy 1993).
Roitberg and Prokopy (1984) showed that fruit-foraging apple maggot flies
searched for fruit for longer periods of time on host trees after examining acceptable fruit
than after examining unacceptable fruit. Aluja and Prokopy (1993) and Duan and
Prokopy (1994) subsequently found that fruit-foraging flies visited more fruit when
foraging on trees of cultivars having red apples than those having green apples. Recently,
Rull and Prokopy (unpubl data) obtained indirect evidence that apple maggot flies forage
for longer periods of time on Red Delicious trees having red fruit than on McIntosh trees
bearing less conspicuous fruit.
Murphy et al. (1990) proposed a model of apple maggot fly distribution in
orchards according to cultivar. In their model, the probability of trap capture on trees of
early maturing cultivars was twice as great as that on trees of mid and late maturing
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cultivars early in the season, with flies becoming evenly distributed among cultivars late
in the season. Such a model is consistent with an arrestment response of females to ripe
fruit regardless of cultivar. These authors suggested that sugar content, as an indicator of
ripeness stage, could be used as a predictor of adult distribution among trees of different
cultivars in commercial apple orchards. Because the model was based on trap capture
data from a single year in a single location and evaluated only five cultivars of apples
(two early, two mid and one late-maturing) we believe that it should be accepted with
caution.
In some cases, more than 80% of total apple maggot captures in a trapping period
in our study occurred on traps placed on trees of a single mid-ripening and a single lateripening cultivar (Gala and Fuji). Apple maggot flies accumulated on traps on Fuji trees
despite the fact that those trees bore relatively unripe and inconspicuous green fruit, and
*

at a time when traps on trees of some early (Paula Red) and mid-ripening (McIntosh and
Cortland) cultivars bearing ripe fruit were not accumulating many flies.
According to our results, apple maggot fly preference for some apple cultivars is
not governed exclusively by the time of fruit ripening but rather by specific properties of
fruit, most probably odor emission. Even though the onset of flyarrival on trees of
attractive cultivars appears to be strongly influenced by the fruit ripening process (as odor
emission is), some cultivars fail to accumulate many flies at any time during ripening.
Host plant composition in orchards can directly influence seasonal appearance,
abundance, and distribution of frugivorous tephritids (Papadopoulos et al.2001) and
consequently can affect trap performance and damage to fruit. Cultivar composition in
apple orchards strongly influenced apple maggot fly distribution in our study, and is an
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important factor to be considered when attempting to maximize interception of immigrant
flies with traps. Perhaps attractive/acceptable cultivars should be planted at the orchard
perimeter and receive traps. This measure might maximize trap captures and minimize
female visits and oviposition damage to fruit of trees of less attractive/acceptable
cultivars nearer the orchard center. Alternatively, trap spacing could be increased and
spraying reduced in blocks of trees of less attractive/acceptable cultivars.
In addition to our study of accumulation of adults on traps placed in apple trees of
different cultivars, it is also useful to have information on ovipositional preferences of
apple maggot females among fruit of different cultivars. Put together, such information
should provide a more complete picture of apple cultivar susceptibility to apple maggot,
allowing in turn a refinement of trap deployment strategies for behavioral control.
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Table 6: Mean number ± (SEM) of apple maggot flies accumulated per trap per seasonal
period per cultivar in 1997. Within columns, numbers followed by different letters
represent statistical differences at the 0.05 level after least significant difference
comparison of means.

HRC
Early

Mid

Late

Cultivar

Early

Mid

Late

Akeene

3.2± 0.4 a

11.2± 2.4 a

Paula Red

0.7± 0.5 c

3.5± 0.8 b

4.1± 0.9 b

Cortland

0.5± 0.2 c

0.5± 0.2 c

1.8± 0.7 b

Gala

1.0+ 0.3 c

3.5± 0.9 b

7.5± 2.2 a

McIntosh

0.6± 0.4 c

2.1± 0.7 be

1.4± 0.4 b

Fuji

2.7± 0.9 b

2.9± 0.8 be

3.4± 1.2 b

Golden Delicious

1.6± 0.3bc

3.9± 0.4 b

2.5± 0.8 b

Red Delicious

1.0± 0.2 c

2.9± 0.9 be

1.5± 0.5 b
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4.4± 1.1 ab

Table 7: Mean number ± (SEM) of apple maggot flies accumulated per trap per seasonal
period per cultivar in 1998. Within columns, numbers followed by different letters
represent statistical differences at the 0.05 level after least significant difference
comparison of means.

Cheney

Early

Cultivar

Paula Red
Tidemann Red

Mid

Late

Early

Mid

Late

4.5± 0.8 c

5.6± 1.7 cd

1.5± 0.5 b

29.8± 9.0 a

32.8± 7.2 a

3.6± 0.8 ab

Vista Bella

3.5± 0.4 c

5.6± 1.1 cd

0.0± 0.0 c

Cortland

3.8± 0.8 c

3.4± 0.3 d

1.2± 0.4 be

Gala

4.8± 1.0 c

4.9± 1.1 cd

4.9± 1.1 a

McIntosh

17.2± 9.5ab

11.8± 6.0 be-

2.2±0.6 b

Fuji

14.4± 5.9bc

9.8± 2.0 cd

4.6± 0.9 a

Golden Delicious

7.0± 0.8bc

8.9± 2.0 cd

5.4± 1.3 a

Red Delicious

4.3± 0.9 c

6.1± 1.4 cd

1.5± 0.3 be

Tuttle

Cultivar

Early

Mid

Late

Early

Jersey Mac

4.8± 1.0 ab

11.1± 2.6 b

5.7± 1.2 b

Paula Red

2.5± 1.7 be

2.2± 1.3 d

2.5± 0.9 b

Vista Bella

4.8± 0.8 ab

23.1± 2.6 a

3.4± 0.9 b

Cortland

7.0± 0.9 a

7.8± 2.1 be

5.1± 0.9 b

Gala

1.5± 0.5 c

3.2± 0.8 d

13.5± 2.2 a

McIntosh

1 A± 0.4 c

4.2± 0.8 cd

6.2± 3.0 b

Braeburn

1.1± 0.6 c

0.9± 0.2 d

3.1± 0.9 b

Red Delicious

1.6± 0.5 c

3.0± 0.7 d

5.0± 1.3 b

Mid

Late
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Table 8: Mean number ± (SEM) of apple maggot flies accumulated per trap per seasonal
period per cultivar in 1999. Within columns, numbers followed by different letters
represent statistical differences at the 0.05 level after least significant difference
comparison of means.
Cultivar
Clarkdale

me

Early Jersey Mac
Paula Red
Tidemann Red
Vista Bella
Mid Cortland
Gala
McIntosh
Late Fuji
Golden Delicious
Red Delicious
Early Akeene
Jersey Mac
Paula Red
Red Astrachan
Mid Cortland
Gala
Late

McIntosh
Braeburn
Fuji
Golden Delicious
Red Delicious

Early
6.4± 1.6
1.2± 0.3
4.6± 0.9
4.0± 0.6
1,2± 0.5
3.6± 0.7
0.6± 0.3
2.4± 0.8
2.2± 0.6
4.6± 1.9

Mid
a
cd
ab
abc
cd
abc
d
be
bed
ab

3.6± 0.6 b
3.6± 1 .Ibcd
1.5± 0.5 cd
26.5± 5.5 a
1.6± 0.6 cd
4.9± 1.0 b
4.2±
4.4±
5.0±
4.0±
4.7±

1.2
1.3
1.7
0.7
1.2

bed
b
b
bed
be

Late

3.1± 0.9bcd
1.5± 0.6 ede
2.7± 0.7 cd
0.7± 0.2 e
0.4± 0.2 de
6.4± 1.1a
0.0± 0.0 de
4.9± 0.6 ab
1.8± 0.5 ede
2.6± 0.5 cd

0.0±
0.0±
0.0±
0.0±
0.1±
2.5±
0.1±
2.8±
0.6±
1.0±

0.0 b
0.0 b
0.0 b
0.0 b
0.1 b
0.5 a
0.1 b
1.0 a
0.3 b
0.6 b

2.4± 0.6
2.3± 1.2
1.7± 0.7
1.0± 0.5
1.4± 0.5
1.1± 0.5

a
a
a
a
a
a

0.0± 0.0
0.6± 0.2
0.6± 0.3
2.0± 0.0
0.4± 0.2
1.7± 0.6

c
abc
be
abc
be
ab

1.2± 0.5
2.0± 0.6
3.6± 0.8
2.5± 1.1
3.1± 1.0

a
a
a
a
a

1 .4± 0.5
2.0± 0.7
1.1± 0.8
2.1± 0.3
2.4± 0.5

abc
ab
abc
a
a

Shearer

Early Jersey Mac
Paula Red
Vista Bella
Mid Cortland
Gala
McIntosh
Late Fuji
Golden Delicious
Red Delicious

6.0± 0.9
2.6± 0.8
5.0± 0.8
4.5± 0.8
6.0± 2.2
2.2± 0.7
3.7± 0.7
9,6± 2.7
9.5± 1.4

ab
b
b
b
ab
b
b
a
a

4.3± 0.7 ab
2.7± 1 .Oabcd
2.1± 0.6 bed
0.6± 0.2 d
4.9± 1.3 a
1.0± 0.4 d
3.7± 1.6 abc
1.2± 0.5 cd
2.9± 0.8abcd

0.0±
0.0±
0.0±
0.4±
1.5±
0.2±
0.6±
0.1±
0.6±

0.0
0.0
0.0
0.2
0.5
0.2
0.2
0.1
0.4

b
b
b
b
a
b
b
b
b

Smith

Early Jersey Mac
Paula Red
Red Astrachan
Mid Cortland
Gala
McIntosh
Late Fuji
Golden Delicious
Red Delicious

2.2± 0.8
2.2± 1.2
6.4± 3.2
0.6± 0.2
3.1± 0.8
1.0± 0.6
1.4± 0.5
0.8± 0.3
2.8± 0.7

a
a
a
a
a
a
a
a
a

1.6± 0.3
1.0± 0.5
2.8± 0.9
0.4± 0.2
2.4± 0.6
1.0± 0.6
2.5± 0.9
0.0± 0.0
0.9± 0.3

0.0±
0.0±
0.1±
0.5±
1.9±
0.2±
0.4±
0.2±
0.0±

0.0
0.0
0.1
0.2
0.4
0.2
0.2
0.2
0.0

b
b
b
b
a
b
b
b
b
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abc
be
a
c
a
be
a
c
be

Table 9: Mean number ± (SEM) of apple maggot flies accumulated per trap, per seasonal
period, per cultivar in 2000. Within columns, numbers followed by different letters
represent statistical differences at the 0.05 level after least significant difference
comparison of means.
Clarkdale

Cultivar

Early

Mid

Late

Early

Mid

Late

Jersey Mac

1.1± 0.3 cd

2.5± 0.5 cd

0.0± 0.0 d

Paula Red

0.5± 0.4 cd

2.0± 0.5 cd

0.5± 0.4 d

Tidemann Red

5.1± 0.8 a

6.3± 1.1 b

0.3± 0.2 d

Vista Bella

3.0± 1.4 b

1.6± 0.2 cd

0.0± 0.0 d

Cortland

0.4± 0.2 d

0.6± 0.3 d

0.1± 0.1 d

Gala

2.1± 0.7 be

8.8± 1.9 ab .

5.6± 1.0 b

McIntosh

0.4± 0.2 d

0.9± 0.2 cd

0.1± 0.1 d

Fuji

1 .4± 0.4 bed

9.3± 1.4 a

7.9± 1.5 a

Golden Delicious

0.5± 0.3 cd

5.2± 0.8 be

3.8± 1.0 be

Red Delicious

0.6± 0.2 cd

2.2± 0.7 cd

3.1± 0.5 c
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Table 10: Average preference rank among cultivars per seasonal period. The cultivar
accumulating the most apple maggot flies in each seasonal period was assigned the
highest rank (1). N represents the number of times a cultivar was evaluated across the
four years of the experiment.

N

Early

Red Astrachan

2

1.0 a

Fuji

2.6 a

Gala

1.9 a

Tidemann Red

3

1.5 a

Tidemann Red

2.7 ab

Fuji

3.0 ab

Jersey Mac

5

4.1 ab

Akeene

3.0 ab

Golden Delicious

4.0 ab

Gala

8

4.3 ab

J ersey Mac

3.5 ab

Red Astrachan

4.2 abc

Red Delicious

8

4.4 ab

Gala

4.3 ab

Red Delicious

4.8 abc

Fuji

7

4.4 ab

Golden Delicious

5.lab

Braeburn

5.5 abc

Vista Bella

5

4.5 abc

Red Delicious

5.2 b

Akeene

5.7 be

Akeene

2

5.2 abed Vista Bella

5.9 be

McIntosh

5.9 be

Golden Delicious

7

5.6 bed

Red Astrachan

6.0 be

Cortland

5.9 be

Braeburn

2

6.5 bed

Paula Red

6.2 be

Tidemann Red

6.8 be

Paula Red

8

6.9 cd

McIntosh

6.7 be

Paula Red

7.1 c

McIntosh

8

7.0 d

Braeburn

7.5 c

Jersey Mac

7.5 c

Cortland

8

7.5 d

Cortland

8.0c

Vista Bella

8.1 c

Mid

112

Late

Figure. 17: Total number of apple maggot flies caught per orchard, per week, across the
apple growing season (Mid July to October).

Total number of AMF accumulated on traps per orchard, per week

300 -

250

300 •

1997

1

200 1

Week

300 i
300 -j

250

1999

250

113

2000

CHAPTER 7

ACCEPTANCE OF DIFFERENT APPLE CULTIVARS FOR OVIPOSITION BY
APPLE MAGGOT FLIES, RHAGOLETIS POMONELLA (DIPTERA: TEPHRITIDAE)

Abstract

We examined apple maggot fly ovipositonal preference among 12 apple cultivars:
five early-ripening (Akeene, Jersey Mac, Paula Red, Tidemann Red and Vista Bella);
three mid-ripening (Cortland, Gala, McIntosh); and four late-ripening (Braebum, Fuji,
Golden Delicious and Red Delicious). Apples used in assays were removed weekly from
fruiting trees in six commercial orchards from mid-July to early-October and were
exposed to sexually mature females in single choice (1997) and multiple choice (1998,
1999, 2000) situations. Sugar content and pulp firmness were measured weekly. During
early season, females preferred to oviposit in fruit of early-ripening cultivars that had
high sugar content and were softer earlier in the season than in fruit of mid and lateripening cultivars. As the season progressed, females still preferred early-ripening
cultivars, provided that their fruit had not become too soft. Mid-ripening cultivars also
became acceptable during mid season, while acceptance for most late-ripening cultivars
remained low. During late season, mid-ripening cultivars, (in particular Gala and
McIntosh) were preferred over late-ripening cultivars and the remaining fruit of earlyripening cultivars that had become too soft. Despite the fact that during late season, fruit
of late-ripening
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cultivars had reached a high sugar content and were only moderately hard in consistency,
acceptance of such fruit by females remained low, perhaps due to the presence of
compounds that may have acted as ovipositional deterrents.

Introduction

Frugivores rely on patchily distributed resources in time and space (Flemming
and Sosa 1994, Herrera 1998), with small seasonal windows of opportunity for resource
use and periodic crop failures (Willson 1993). Many specialized frugivorous insects in
temperate regions have evolved mechanisms that enable them to synchronize their life
cycle with the fruiting phenology of their host plants (Feder et al. 1993, Feder et al. 1997,
Filchak et al.1999. Menu et al. 2000). Because host plant choice by females is often
critical for the survival of offspring (Degen et al. 1999), frugivorous insects may be very
selective in making oviposition decisions (Schonooven et al 1998). However, such
insects may also exhibit remarkable plasticity in host selection behavior when coping
with unpredictable resource quantity and quality.
The apple maggot fly, Rhagoletis pomonella (Walsh), expanded its host range
from hawthorn (Crataegus spp) (its original native host) to apple {Malus domestica
Borkh) about 150 years ago (Walsh 1867). The apple host race breaks pupal dipause
slightly earlier than the hawthorn race (Feder et al. 1993), and thus has become
temporally synchronized with its new host. It has been known for decades that apple
maggot flies exhibit cultivar preferences among apples and survive and develop better in
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fruit of cultivars that ripen early in the season than in those that ripen late in the season
(Phipps and Dirks 1933, Dirks 1935, Oatman 1964, Dean and Chapman 1973, Reissig
1979).
Apple maggot females prefer laying eggs in hosts with high sugar content over
hosts with low sugar content (Girolami et al 1986). They avoid ovipositing in overly ripe
fruit and drops (Dean and Chapman 1973) and are unable to oviposit in fruit whose skin
and flesh are too hard (Messina and Jones 1990). Finally, oviposition decisions also are
influenced by host marking pheromone (Prokopy 1972), experience (Prokopy et al 1994),
and conspecific denstity (Prokopy and Reynolds 1998).
Early-ripening apple cultivars might be preferred for oviposition by apple maggot
females because they reach a higher sugar content and become softer earlier in the season
than do mid- and late-maturing cultivars. Additionally, early-ripening cultivars may reach
such a state of susceptibility at a time that coincides with peak adult seasonal activity
(Neilson 1976, Feder et al 1997) and before the onset of cold temperatures that could
jeopardize larval devolpment.
It is not clear if earlier studies of cultivar preferences of apple maggot flies
involved fruit assayed for ovipositional acceptance during early, mid or late season or
involved assays conducted under single choice or multiple choice conditions (Dean and
Chapman 1973, Neilson 1976, Cameron and Morrison 1977). Other studies used larval,
pupal, or adult recovery from fruit infested in the field as a measure of relative cultivar
preference (Phipps and Dirk 1933, Dirks 1935, Oatman 1964, Neilson 1976).
Ovipositional preferences and larval survival could have been confounded in such
studies. Because ovipositional scars may render fruit commercially unacceptable
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regardless of larval mortality (Reissig 1979), determining ovipositional acceptance
preferences among cultivars may be more important from a management perspective than
studying larval survival.
Varietal susceptibility to insect damage is relevant to the design of integrated pest
management programs (Reissig et al. 1990, Kogan 1994, Degen et al. 1999). Host plant
susceptibility is a consequence of insect preference during host finding, host examining
and/or host acceptance behavior. Elsewhere, (Rull and Prokopy, submitted), we examined
apple maggot fly accumulation on traps placed on trees of 12 different cultivars of apples.
Because apple maggot fly damage to fruit is caused during the larval stage, it is useful to
determine if greater adult fly accumulation on trees of certain cultivars will result in
greater propensity of foraging females to lay eggs in fruit of those cultivars. Here, we
report on host acceptance preferences of ovipositing apple maggot females for these same
cultivars.

Materials and methods

Apple maggot fly host acceptance preferences for five early-ripening cultivars
(Akeene, Jersey Mac, Paula Red, Tidemann Red and Vista Bella), three mid-ripening
cultivars (Cortland, Gala and McIntosh), and four late-ripening cultivars (Braebum, Fuji,
Golden Delicious and Red Delicious) were examined. Apples were picked from trees in
six commercial orchards across four years. Although most cultivars were evaluated most
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years, we were not able to include all cultivars all years. Selected apple cultivars were
among those that predominated in Massachusetts commercial orchards at the time of our
experiment.
In 1997, we evaluated apple maggot fly propensity to oviposit in apples of eight
different cultivars from a single orchard in a single-choice assay. From July 12 to August
26, we haphazardly selected four apples from trees of each cultivar once a week. Apples
were taken to the laboratory, thoroughly washed with water to remove pesticide residue,
and imidiately placed under a 150 ml paper cup.
Apple maggot flies were kept from emergence until 14-21 d old in 30 x 30 x 30
cm Plexiglas cages with free access to water and a mixture of sugar and protein. A single
female accompanied by a water-soaked piece of cotton was then placed for 48 h inside a
paper cup holding a single apple. After 48 h, apples were removed from cups and
examined under a dissecting microscope for presence or absence of ovipositional
punctures. We also measured pulp firmness in kg/cm3 using a hand held fruit pressure
tester (Model FT-327, Wagner, Milan Italy) and measured sugar content in % degree
Brix using a hand refractometer (Model N-1EBX , AT AGO, Tokyo Japan).
In 1998, we evaluated apple maggot fly propensity to lay eggs in apples of 11
cultivars under a multiple choice situation. Apples were picked once a week from July 24
to September 24 from trees in two commercial orchards and handled in a manner similar
to that in 1997. Weekly, a single fresh-picked apple of each of the 11 cultivars was placed
on the floor of a 30 x 30 x 30 cm Plexiglas cage. Ten 14 to 21 d old sexually mature
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mated females were then introduced into the cage for 48 h. There were four replicates per
week. After exposure, apples were examined for presence or absence of ovipositional
punctures, and pulp firmness and sugar content was measured.
In 1999, we repeated the multiple choice assay performed in 1998 but extended
the experimental period from July 12 to September 28 and examined ovipositional
preferences among 12 cultivars. Apples were picked from four commercial orchards and
exposed in Plexiglas cages (as in 1998) for 48 h. There were 12 replicates per week.
In 2000, we used the multiple choice assay for apples of 10 cultivars picked from
trees in a single orchard from July 6 to October 2. Apples were exposed in cages for 24 h,
and five 10-14 d old females per cage were used. We reduced exposure time, number of
females per cage, and female age to determine if flies were more selective under such
circumstances. There were six replicates per week. As an additional measure of cultivar
ovipositional preference, we counted the total number of ovipositional punctures on every
apple accepted for oviposition.

Statistical analysis

Because cultivar preferences varied according to seasonal period, and fruit of
early-ripening cultivars were no longer attached to trees late in the season, we broke
cultivar acceptance data into two (1997, 1998) or three (1999, 2000) seasonal periods.
Early, mid, and late periods encompassed results obtained from early July to early
August, early August to early September, and early September to early October,
respectively. Weekly proportions of fruit of each cultivar accepted for oviposition for
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each seasonal period were transformed (using arcsin (square root (x)) and subjected to a
one-way ANOVA followed by a least significant difference pairwise comparison of
treatment means. In 2000, the average number of punctures per fruit per week per cultivar
was subjected to a one-way ANOVA followed by a least significant difference pairwise
comparison of means.
Because we suspected that ovipositional preferences were driven to some extent
by sugar content and pulp firmness, we plotted the total number of ovipositional
punctures per apple in 2000 as a function of (a) sugar content and (b) resistance to
pressure (independent of cultivar) and performed a linear regression analysis.
Finally, we ranked each cultivar in terms of apple maggot fly preference. Each
cultivar was assigned a rank from 1 to 12, with 1 being the highest rank and 12 the
lowest. The cultivar having the largest proportion of apples accepted in a given seasonal
period in a given year received the highest rank. We then averaged cultivar ranks across
years. We compared cultivar acceptance across years for each seasonal period using a one
way ANOVA on ranks followed by a least significant difference comparison of mean
ranks.
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Results

Fruit acceptance proportions, 1997

During early season, we found no statistical differences among cultivars in
proportions of fruit accepted for oviposition (F= 1.09; d.f= 7,32; P=0.38) (Table 11).
During mid season, although we did not find statistical differences in proportions of fruit
accepted for oviposition (F= 1,68; d.f= 7,40; P=0.14), fruit of Akeene (early-ripening),
and McIntosh and Cortland (both mid-ripening) were accepted for oviposition in
numerically greater proportion than those of any other cultivars (Paula Red, Gala,
Golden Delicious, Red Delicious and Fuji).

Fruit acceptance proportions, 1998

Although during early season, all early and mid-ripening cultivars (except Paula
Red) were accepted in numerically greater proportion than any late ripening-cultivars, we
found no statistical differences among cultivars in acceptance by apple maggot flies (F=
0.69; d.f= 10,44; P=0.73)(Table 12). During mid- season, Gala, whose apples had
reached a high sugar content and remained firm, was the preferred cultivar. Gala apples
were accepted in numerically greater but statistically similar proportion compared with
those of Braeburn (late-ripening), McIntosh (mid-ripening) and Jersey Mac (early-
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ripening), but in significantly greater proportion compared with apples of all other
cultivars (Cortland, Fuji, Golden Delicious, Paula Red, Red Delicious and Vista Bella)
(F= 2.62; d.f= 10,35; P=0.01).

Fruit acceptance proportions, 1999

The summer of 1999 was very warm. Although we began observations earlier in
the season in 1999 than in 1998, apples were on average in a comparable state of ripeness
to apples evaluated during the early period of 1998. During early season, Tidemann Red
apples (a cultivar with sweet firm fruit) were accepted in significantly greater proportion
than apples of all late-ripening cultivars (except Braebum), and than those of McIntosh, a
mid-ripening cultivar (F= 2.97; d.f= 11,60; P=0,003) (Table 13). Tidemann Red was
followed by Vista Bella (early-ripening) and Gala (mid-ripening), whose apples were
accepted in significantly greater proportion than those of Golden Delicious and Red
Delicious. Paula Red (early-ripening), Cortland (mid-ripening), Akeene (early-ripening),
Jersey Mac (early-ripening), Braebum (late-ripening) and McIntosh (mid-ripening)
followed Gala in AMF preference, and their fruit were accepted in significantly greater
proportion than were Red Delicious apples. Fruit of Fuji, Golden Delicious and Red
Delicious (all late-ripening cultivars) were among the hardest and were accepted for
oviposition in the smallest proportions.
During mid season, fruit of Jersey Mac, an early cultivar that ripens slightly later
than Tidemann Red, was accepted for oviposition in significantly greater proportion than
that of Vista Bella (whose fruit had become excessively soft) and that of Red Delicious,
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Fuji, and Golden Delicious (F= 2.10; d.f= 11,84; P=0.02). Jersey Mac was followed by
Akeene (another early cultivar with similar characteristics), whose fruit was accepted for
oviposition in significantly greater proportion than that of Fuji, Golden Delicious and
Vista Bella. McIntosh and Gala apples were accepted in numerically greater proportion
that those of Braebum, Cortland, Tidemann Red, Paula Red, Red Delicious, Vista Bella
and Fuji, and in significantly greater proportion than Golden Delicious apples.
During late season, most of the fruit of early-ripening cultivars had dropped from
trees. McIntosh apples were accepted in significantly greater proportion than those of all
late-ripening cultivars except Braebum (F= 1.93; d.f= 6,48; P=0.09). McIntosh was
followed in preference by Cortland (whose fruit were accepted in statistically greater
proportion than those of Golden Delicious) and by Gala, Braebum, Fuji, Red Delicious
and Golden Delicious, among which there were no statistical differences in proportions
of fruit accepted for oviposition.

Fruit acceptance proportions, 2000

During early season, Tidemann Red apples were accepted for oviposition in
significantly greater proportion than apples of any late-ripening cultivar and those of Gala
(F= 2.55; d.f= 9,40; P=0.02)(Table 14). They were followed in preference by Jersey Mac,
McIntosh, Vista Bella, Paula Red, Gala and Fuji, among which there were numerical but
not statistical differences in proportions of accepted fruit. Red Delicious and Golden
Delicious apples were accepted in statistically smaller proportions than apples of any
other cultivar except Fuji.
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During mid season, Tidemann Red remained the preferred cultivar and was
accepted in significantly greater proportion than apples of Fuji, Vista Bella (which had
lost firmness), Red Delicious and Golden Delicious (F= 3.32; d.f= 9,40; P=0.004). They
were accepted in numerically but not statistically greater proportion than fruit of Gala,
McIntosh, Jersey Mac, Paula Red and Cortland. Fruit of Golden Delicious and Red
Delicious were accepted for oviposition in statistically smaller proportions than fruit of
any other cultivar except Cortland, Fuji and Vista Bella.
During late season, Gala became the preferred cultivar and was accepted in
numerically (though not statistically) greater proportion than apples of McIntosh and
Cortland and in significantly greater proportion than apples of Paula Red and Tidemann
Red, two early cultivars for which we were still able to obtain fruit for evaluation but
whose fruit had become very soft (F= 3.98; d.f= 7,29; P=0.003). Gala apples were also
accepted in significantly greater proportion than those of all late cultivars evaluated in
2000 (Fuji, Golden Delicious and Red Delicious), despite the fact that the latter were
sweet and moderately firm at the time.

Number of punctures per apple

Counting the number of oviposition punctures per accepted apple yielded a
pattern of results similar to that found for proportions of accepted fruit. During early
season, Tidemann Red received numerically but not significantly more punctures per
apple than McIntosh, Vista Bella, Gala, Paula Red and Jersey Mac (F= 2.30; d.f= 9,50;
P=0.03) (Table 15). Cortland apples and those of all late cultivars (Fuji, Golden Delicious
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and Red Delicious) received significantly fewer punctures per fruit than Tidemann Red
apples. Red Delicious apples received significantly fewer punctures per fruit than any
cultivar except Fuji and Golden Delicious.
During mid season, Jersey Mac apples received the most punctures per fruit (F=
3.89; d.f= 9,50; P=0.008), Tidemann Red followed Jersey Mac in number of punctures
received per fruit (no significant difference) but egg deposition was less variable for
apples of this cultivar. Tidemann Red received numerically but not statistically more
punctures per fruit than Gala, McIntosh, Cortland and Paula Red. Vista Bella and all late
cultivars received significantly fewer punctures per apple than Tidemann Red.
During late season. Gala received significantly more punctures per apple than any
other cultivar (F= 5.16; d.f= 9,50; P=0.0006). McIntosh, Paula Red and Cortland received
significantly more punctures per apple than Golden Delicious.

Effect of sugar content and pulp firmness

We plotted the total number of apples and the number of punctures received by
those apples as a function of sugar content (for 2000)(Fig. 18A). We then divided the
number of punctures received by the number of apples observed within categories, and
obtained a significant (F= 11.68; d.f = 1,5; P = 0.02) linear relationship between sugar
content and oviposition (R2=0.74)(Fig.l8B). A similar plot for pulp firmness presents a
slightly more complex picture (F= 0.1; d.f = 1,5; P = 0.76)(Fig.l9). We observed more
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punctures per apple when apples were the hardest (> 13 and 13 kg/ cm3) and when pulp
firmness was about 9 kg/ cm3, but fewer punctures per apple when pulp firmness was 11
kg/ cm3 and seven or less kg/ cm3.

Rank preference

Average preference ranks of cultivars at different seasonal periods are shown in
Table 16. During early season, the earliest ripening cultivars (Tidemann Red and Vista
Bella) ranked significantly higher than some mid (Gala) and all late-ripening cultivars
•

V

(F= 4.99; d.f= 11,40). During mid season, early-ripening cultivars that maintained a high
pulp firmness (Akeene, Jersey Mac and Tidemann Red) and two mid-ripening cultivars
(Gala and McIntosh) obtained significantly higher ranks than late-ripening cultivars and
an early-ripening cultivar that had become too soft (Vista Bella) (F= 3.85; d,f= 11,39; P=
0.02). During late season, mid-ripening cultivars were preferred
over late-ripening cultivars, despite the fact that some of the late-ripening cultivars had
acquired a high sugar content and moderate pulp firmness.

Discussion

During early season, apple maggot flies exposed to unripe apples in a no choice
situation (1997) or at high conspecific densities did not discriminate among different
cultivars of apples and accepted them for oviposition in equal and at times high (1998)
proportions. During a warmer season (1999), or under a lower conspecific density (2000),
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apple maggot females preferred sweeter and softer fruit of early ripening cultivars such as
Tidemann Red and Vista Bella (to a lesser degree Paula Red) than that of other cultivars.
During mid season, apple maggot flies became more selective and continued to prefer
fruit of early-ripening cultivars that had not become too soft. Other early cultivars
ripening slightly later (Jersey Mac and Akeene), along with mid-ripening cultivars
(McIntosh, Gala, and Cortland to a lesser degree) and a late-ripening cultivar (Braebum),
became acceptable for oviposition during mid season. During late season, mid-ripening
cultivars, especially McIntosh and Gala, were the most acceptable for ovipostion.
Acceptance of late-ripening cultivars was moderately high in 1999 but remained as low
as in early and mid season in 2000 despite the fact that apples of those cultivars had
become sweet and were not very hard.
Sugar content of hosts of frugivorous tephritids influences oviposition decisions
of adult females because their offspring require carbohydrates for development
(Femandez-da-Silva and Zuculoto 1993), or perhaps because sugar content may be a
good indicator of overall host nutritional value. Apple maggot females have sugar
receptors on the tip of the ovipositor that enable them to asses sugar content of hosts
(Girolami et al. 1986), Other factors held constatnt, tephritid females prefer to lay eggs
on hosts with the highest sugar content (Girolami et al. 1986). Our findings appear to be
consistent with this tendency.
Fruit firmness is a more complex problem. Tephritid females may be unable to lay
eggs in hard fruit (Messina & Jones 1990), or may preferentially lay in preexisting
punctures, perhaps to avoid ovipositor wear (Papaj, 1993). On the other hand, DiazFleisher and Aluja (personal communication) found that Anastrepha ludens Stone
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(Diptera :Tephritidae) females laid larger egg clutches in unripe than in ripe mango, and
argued that this could be a bet-hedging mechanism employed to cope with lower larval
survival in green fruit. In our study, we found that apple maggot flies laid more eggs per
fruit in very hard (unripe) fruit and in fruit that was moderately hard. Early in the season,
apples of different cultivars were exposed in an unripe state and may have been perceived
by females as being of low quality. Under such circumstances, mature females in cages,
prompted by high conspecific density (Prokopy and Reynolds 1998), may have
responded (sensu Koops and Abrahams 1998) as though the probability of encountering
higher quality available hosts in subsequent fruit visits would be low, and consequently
laid many eggs in otherwise unacceptable apples. As the season progressed, apples of
some cultivars reached their firmness optimum, and at this time flies may have laid more
eggs in apples having a preferred consistency.
We also found that females avoided ovipositing in very soft fruit, even when such
fruit had a high sugar content. Because larvae are constrained to complete development
inside the fruit in which eggs are laid, laying eggs in fruit that has become too soft may
have a negative impact on larval survival. Soft fruit may fall from trees too early and is
more susceptible than firm fruit to bacterial and/or fungal decomposition (Spotts et al
1999), a fact that along with possibly higher predation on larvae in soft fruit (Cameron
and Morrison 1977), may be responsible for poor larval survival observed in overripe
apples (Kamasaki et al 1972).
Although we believe that sugar content and pulp firmness are important factors
influencing oviposotion decisions of apple maggot females, other fruit properties may
also affect egg-laying. When we extended the observational period of our experiments
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into early October, we found that all late cultivars had reached a high sugar content and
were within the optimal pulp firmness range. Although those cultivars became acceptable
for oviposition at high apple maggot female densities (1999), most of them (Golden
Delicious in particular) remained unacceptable at harvest in 2000.
Varieties of apples differ widely in amount of astringent materials (tannins, tannin
derivates, flavones and other substances). The percentage of astringent materials declines
as fruit matures on the tree, but there is important seasonal variation in content of
astringents among some cultivars of apples (as much as a 100% from year to year)
(Smock and Nubert 1950). Pree (1977) found a direct correlation between phenolic
content and apple maggot fly larval mortality for different cultivars of crab apple. Many
of the phenolic acids shown toxic to apple maggot larvae in his study occur also in
commercial apple varieties at different levels. The existence of such compounds could
explain low larval survival in late cultivars in some studies (Neilson 1976, Cameron and
Morrison 1977, Reissig 1979, Hu et al 1996). Perhaps cultivars with a high content of
defensive compounds such as tannins or phenolic compounds deter oviposition
independently from sugar content and pulp firmness (see Girolami et al 1986).
Apple maggot fly host acceptance preferences for different cultivars of apples
seem to depend on a few key chemical and physical properties of fruit. Apple maggot
flies however, seem to be flexible in terms of their assessment of such properties, and can
modify acceptance parameters depending on their foraging experience.
Interestingly, cultivar-associated ovipositional preferences do not necessarily
translate into greater fly accumulation on traps placed on trees of different apple cultivars
(Rull and Prokopy, unpubl data). Some cultivars are both attractive or arresting
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(accumulate more flies on traps) and acceptable for oviposition (for example, Akeene,
Gala, Jersey Mac and Tidemann Red) and therefore should be considered as highly
susceptible to apple maggot damage. Other cultivars may accumulate large numbers of
flies but bear fruit comparatively unacceptable to ovipositiong females (Fuji, and to a
lesser degree Golden Delicious and Red Delicious) or fail to accumulate large numbers of
flies despite the fact that their fruit is rather highly acceptable for oviposition (McIntosh
and Braebum and to a lesser degree Cortland). Such cultivars can be considered as being
moderately susceptible to apple maggot damage. Finally, cultivars that both fail to
accumulate large
numbers of flies and bear fruit that is not very acceptable for oviposition (for example,
Paula Red) should be considered as tolerant or of low susceptibility to apple maggot
damage.
Susceptibility to apple maggot damage can be exploited in developing optimal
trap deployment strategies for apple maggot behavioral control. For perimeter trapping
programs, findings here suggest that traps should be spaced closely in blocks of trees of
highly susceptible cultivars. Trap spacing might be increased in blocks of moderately
susceptible cultivars and maximized in blocks of tolerant cultivars. For orchards using a
more conventional pest control approach, spraying could be directed to blocks or rows of
trees of susceptible cultivars and reduced or eliminated in blocks of trees of tolerant
cultivars. Finally, cultivar susceptibility could be taken into account when designing
orchards. Planting susceptible cultivars on the perimeter and tolerant cultivars toward the
center could reduce the need to manage apple maggot populations in large portions of an
orchard.
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Table 11: Mean percentage ± (SEM) accepted fruit, average sugar content (% Brix), and
average pulp firmness (kg/cm3) per seasonal period per cultivar in 1997. Within columns,
numbers followed by different letters represent statistical differences at the 0.05 level
after least significant difference comparison of (Arcsin ( Square root (x)) transformed
mean proportions.

Early season

Cultivar

Early

Mid

Late

% Accepted

Mid season

Sugar

Pressure

% Brix

Kg/cm3

Sugar

Pressure

% Brix

Kg/cm3

Akeene

0.12± 0.06 a

7.9

12.8

0.51± 0.06 a

9.0

11.6

Paula Red

0.14± 0.05 a

8.1

10.8

0.22± 0.07 a

10.0

9.8

Cortland

0.22± 0.08 a

8.1

12.5

0.37± 0.14 a

9.5

11.3

Gala

0.06± 0.04 a

8.0

12.7

0.20± 0.09 a

9.2

12.5

Mcintosh

0.17± 0.01 a

8.1

12.1

0.45± 0.14 a

8.9

10.0

Fuji

0.12± 0.09 a

7.8

12.8

0.17± 0.13 a

8.6

12.2

Golden Delicious

0.10± 0.04 a

8.4

12.4

0.17± 0.09 a

9.8

12.5

Red Delicious

0.12± 0.04 a

7.3

12.6

0.17± 0.09 a

7.8

12.1

0.14

8.1

12.3

9.2

11.4

AVERAGE
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0.31

Table 12: Mean percentage ± (SEM) accepted fruit, average sugar content (% Brix), and
average pulp firmness (kg/cm3) per seasonal period per cultivar in 1998. Within columns,
numbers followed by different letters represent statistical differences at the 0.05 level
after least significant difference comparison of (Arcsin ( Square root (x)) transformed
mean proportions.

Early season

Cultivar

Early

Mid

Late

% Accepted

Mid season

Sugar

Pressure

% Brix

Kg/cm3

Sugar

Pressure

% Brix

Kg/cm3

Jersey Mac

0.40± 0.19 a

9.9

10.0

0.50± 0.02 ab

11.1

6.4

Paula Red

0.15± 0.10 a

10.2

10.9

0.25± 0.01 be

11.5

7.4

Tidemann Red

0.40± 0.24 a

10.5

11.8

Vista Bella

0.30± 0.12 a

12.3

9.6

0.25± 0.01 be

14.1

4.8

Cortland

0.30± 0.14 a

10.4

12.2

0.40± 0.13 be

11.7

9.3

Gala

0.25± 0.14 a

9.2

12.9

0.80± 0.09 a

13.3

12.4

Mcintosh

0.25± 0.16 a

9.5

11.4

0.50± 0.11 ab

11.4

9.6

Braeburn

0.10± 0.10 a

8.6

12.9

0.60± 0.24 ab

10.5

12.9

Fuji

0.10± 0.10 a

8.3

13.0

0.30± 0.20 be

10.5

12.6

Golden Delicious

0.10± 0.10 a

9.6

12.9

0.10± 0.10 cd

11.8

11.6

Red Delicious

0.1 5± 0.06 a

8.6

12.5

0.40± 0.13 be

10.5

10.7

0.23

9.7

11.8

0.41

11.6

9.7

AVERAGE
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Table 13: Mean percentage ± (SEM) accepted fruit, average sugar content (% Brix), and
average pulp firmness (kg/cm3) per seasonal period per cultivar in 1999. Within columns,
numbers followed by different letters represent statistical differences at the 0.05 level
after least significant difference comparison of (Arcsin ( Square root (x)) transformed
mean proportions.

Early season

% Accepted

Cultivar

Mid season

Sugar

Pressure

% Brix

Kg/cm3

% Accepted

Late season

Sugar Pressure
%Brix

Kg/cm3

% Accepted

Sugar

Pressure

% Brix

Kg/cm3

Akeene

0.63± 0.09 abc

9.9

12.8

o.43± o.io ab

11.9

9.1

Jersey Mac

0.62± 0.04 abc

8.6

9.8

0.49± o.io a

10.6

6.1

Paula Red

0.65± 0.05 abc

9.1

10.6

o.29± o.io abed

11.5

7.1

Tidemann

0.81± 0.08 a

9.2

12.0

o.29± o.io abed

10.9

8.2

Vista Bella

0.67± 0.08 ab

9.6

8.9

0.20± 0.06 cd

11.3

4.7

Cortland

o.65± 0.09 abc

9.0

12.0

o.24± 0.06 abed

10.6

9.2

0.66± 0.08 ab

12.0

7.4

Gala

0.66± 0.09 ab

9.2

12.7

o.35± 0.05 abc

11.4

10.6

0.54± 0.05 abc

13.6

9.7

Mcintosh

0.57± 0.08 be

8.8

11.2

0.37± 0.08 abc

10.5

9.0

0.70± 0.07 a

11.0

6.8

Braeburn

o.60± 0.08 abc

8.6

13.0

o.27± o.oi abc

10.2

12.0

o.49± 0.08 abc

10.6

10.9

Fuji

0.42± 0.07 bed

9.0

13.0

0.20± 0.09 cd

10.7

11.7

0.46+ 0.09 be

10.8

9.8

Golden

0.43± 0.10 cd

9.5

12.8

0.08± 0.04 d

11.4

11.7

0.35± 0.08 C

12.3

8.7

Red Delicious

0.26± 0.10 d

8.7

12.6

0.25+ 0.09 bed

10.3

10.5

0.45± 0.10 be

10.1

8.3

9.1

11.8

10.9

9.1

10.0

7.7

AVERAGE

0.58

0.29
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Table 14: Mean percentage ± (SEM) accepted fruit, average sugar content (% Brix), and
average pulp firmness (kg/cm3) per seasonal period per cultivar in 2000. Within columns,
numbers followed by different letters represent statistical differences at the 0.05 level
after least significant difference comparison of (Arcsin (Square root (x)) transformed
mean proportions.

Early season

% Accepted

Cultivar

Mid season

Sugar

Pressure

% Brix

Kg/cm3

% Accepted

Late season

Sugar

Pressure

% Brix

Kg/cm3

% Accepted

Sugar

Pressure

% Brix

Kg/cm3

Jersey Mac

0.46± 0.06 ab

8.4

10.4

0.36± 0.13 abc

9.6

6.4

Paula Red

0.36± 0.11 ab

8.8

11.0

0.29± 0.09 abc

10.3

6.3

0.20± 0.10 be

11.2

3.2

Tidemann

0.53± 0.16 a

9.0

12.4

0.53± 0.18 a

10.4

6.2

0.12± 0.12 cd

11.4

4.6

Vista Bella

0.40± 0.10 ab

9.1

8.9

0.09± 0.06 cd

10.8

4.4

Cortland

0.26± 0.04 ab

8.9

12.0

0.15± 0.01 abed

11.4

8.2

0.29+ 0.12 abc

12.5

7.2

Gala

0.29± 0.11 b

9.2

13.0

0.43 ± 0.14 ab

11.0

10.9

0.49 ± 0.13 a

13.9

7.9

Mcintosh

0.43± 0.09 ab

9.0

12.3

0.39± 0.07 ab

10.5

8.6

0.32± 0.11 ab

11.8

6.2

Fuji

0.26+ 0.09 be

8.4

12.9

0.22± 0.14 bed

9.8

11.3

0.12± 0.04 c

11.7

8.1

Golden

0.18± 0.04 c

8.9

12.8

0.00 ± 0.00 d

10.8

10.1

0.00 ± 0.00 c

12.4

7.22

Red Delicious

0.06± 0.04 c

7.9

12.6

0.03 ± 0.03 d

9.2

8.9

0.12 ± 0.03 bed

10.9

7.9

0.32

8.7

11.8

10.4

8.13

0.21

11.9

6.5

Red

AVERAGE

0.25

i*
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Table 15: Mean number ± (SEM) of punctures per fruit per seasonal period per cultivar in
2000. Within columns, numbers followed by different letters represent statistical
differences at the 0.05 level after least significant difference comparison of means.

Early

Mid

Late

Early season

Mid season

Late season

Cultivar

Punctures/fruit

Punctures/fruit

Punctures/fruit

Jersey Mac

4.2 ±1.1 ab

10.7 ± 3.6 a

Paula Red

4.3 ± 1.8 ab

2.7 ± 0.9 bed

4.2 ± 3.2 b

Tidemann Red

6.7 ± 1.5 a

7.2 ± 2.0 ab

1.2 ± 0.5 be

Vista Bella

4.7 ± 1.7 ab

1.0 ± 0.7 cd

Cortland

3.2 ± 1.3 b

3.3 ± 2.3 bed

3.8 ± 1.1 b

Gala

4.5 ± 1.6 ab

4.8 ± 1.7 be

8.2 ± 1.1 a

McIntosh

5.0 ± 1.6 ab

4.8 ± 2.8 be

4.3 ± 1.8 b

Fuji

1.3 ± 0.6 be

2.0 ± 0.8 cd

1.3 ± 0.7 be

Golden Delicious

2.2 ± 1.2 be

0.0 ± 0.0 d

0.0 ± 0.0 c

0.2 ± 0.2 cd

1.2 ± 0.7 be

Red Delicious

0.5 ± 0.4 c
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Table 16: Average preference rank among cultivars per seasonal period. Cultivars whose
fruit were accepted in greater proportion in a seasonal period were assigned the highest
rank (1). N represents the number of seasons in which apples of a particular cultivar were
tested.

Early

Cultivar

Cultivar

Mid

Cultivar

Late

N

Mean rank

McIntosh

2

1.5

2.2 ab

Gala

2

2

3

2.8 ab

Cortland

2

2.5

McIntosh .

4

2.9 ab .

Paula Red

1

4

4.9 bed

Gala

4

3.0 ab

Braeburn

1

4

4

5.0 bed

Braeburn

4

4.5 be

Fuji

2

5

Gala

4

5.4 ede

Paula Red

4

5.8 cd

Tidemann Red

1

6

Akeene

2

5.9 def

Cortland

2

6.1 cd

Red delicious

2

6

Fuji

4

7.5 efg

Red Delicious

4

7.4 de

Golden

2

7.5

Braeburn

2

8.2 efg

Fuji

4

7.6 de

Red Delicious

4

8.3 fg

Vista Bella

4

9.0 e

Golden Delicious

4

8.5 g

Golden Delicious

3

9.5 e

N

Mean rank

N

Mean rank

Tidemann Red

3

1.2 a

Akeene

2

1.5 a

Vista Bella

3

3.2 ab

Tidemann Red

3

Jersey Mac

3

3.5 abc

Jersey Mac

Cortland

4

4.1 bed

McIntosh

4

Paula Red
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Figure 18. Total number of apples and total number of punctures received by apples
within different sugar content categories across the 2000 growing season (A). Average
number of punctures per apple within different sugar content categories (B) y = 0 085x
0.019.
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Figure 19. Total number of apples and total number of punctures received by apples
within different pulp firmness categories across the 2000 growing season (A). Average
number of punctures per apple within different pulp firmness categories (B) y = - 0.0005x
+ 0.65.
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